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includes multiple subcarriers modulated at different equally spaced frequencies, which are

orthogonal to each other. OFDM modulation has proven to be an effective means for
transmission over channels that experience various types of multipath and linear distortion.
This ensures that different subcarriers do not interfere with each other under normal channel
conditions.

[0004] In conventional serial modulation (not OFDM), a number (e.g. 100} of QPSK
symbols (200 bits) is. modulated in a sequence of 100 complex QPSK symbols over a total
time interval T. In contrast OFDM groups these symbols as a vector and transmits the QPSK
symbols in peraliel as 100 subcarriers each modulating a single QPSK symbol. Each of the
parallel OFDM subcarriers in this example occupies approximately one hundredth of the
serial QPSK bandwidth and spans approximately the same time T. Both the bandwidth and

throughput of the serial and OFDM transmissions are approximately the same. Small



throughput of the serial and OFDM transmissions are approximately the
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ouiaphrhendensitReIceras st PARIYERDGHGH 1B CHFIRIUES relids ktegge. being highest
immediately outside the intended spectral occupancy, can be particularly difficult to suppress
with filters after the HPA output. Hence, there is a need to reduce the peak-to-average power
ratio (PAR) for an OFDM signal.

[0008]  Several different types of PAR reduction techniques have been proposed.
Some types require additional coding or phase rotation of the subcarriers. However these
PAR reduction techniques require reliable side information to undo the manipulations upon
demodulation, and are less attractive. Another class of PAR reduction techniques relies on an
iterative algorithm to clip and predistort (or constrain) the signal to achieve the PAR
reduction and suppress out-of-band emissions, requiring no additional side information.
These techniques are disclosed in A. Shastri & B. Kroeger, “Method and Apparatus for

Reducing Peak to Average Power Ratio in Digital Broadcasting Systems,” U.S. Patent No.



iterative algorithm to clip and predistort (or constrain) the signal to achieve
the PAR reduction and suppress out-of-band emissions, requiring no
additional side information. These techniques are disclosed in A. Shastri
& B. Kroeger, "Method and Apparatus for Reducing Peal, to Average
Power Ratio in Digital Broadcasting Systems," U.S. Patent No. 3
6,128,350, Oct. 3, 2000, and B. Krongold & D. Jones, "PAR Reduction In

Q ia Active Copstellatio tension,” U ro ' . .
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ii1nitéﬁef1‘?oi§uﬁ’£f%¥lid§%1%1 to recover distorted input symbol vectors; a processor for
constraining the distorted input symbol vectors to values greater than or equal to a minimum
threshold value to produce constrained data symbol vectors, and for constraining out-of-band
spectral components by limiting the magnitude of the out-of-band components to a non-zero
magnitude of a predetermined mask; and a remodulator for remodulating the constrained data
symbol vectors.

{0011a] In accordance with a third aspect of the present invention, there is provided a
transmitter for reducing peak-to-average power ratio in an OFDM signal, the transmitter
comprising: means for modulating a set of subcarriers with a set of data symbol vectors to
produce a first modulated signal; means for limiting the magnitude of the first moduiated
signal to produce a first limited modulated signal; means for demodulating the first limited

modulated signal to recover distorted input symbol vectors; means for constraining the



transmitter for reducing peak-to-average power ratio in an OFDM signal,

the transmitter comprising: means for modulating a set of subcarriers with

a set of data symbol vectors to produce a first modulated signal; means

for limiting the magnitude of the first modulated signal to produce a first
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constraint values (limits between 0.825 and 0.9).




[0022] FIG. 11 is a graph showing simulated peak PAR results for the

PAR reduction algorithm for HD RadioTM FM Hybrid mode MPI over a

range of constraint values (limits between 0.825 and 0.9). [0023] FIG. 12
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algorithm for HD Radio™ FM Hybrid mode MP3 over a range of constraint values (limits
between 0.825 and 0.9). ]

[0626] FIG. 15 is a plot showing the signal spectrum after PAR reduction along with
the imposed spectral mask for out-of-band emissions for HD Radio™ FM all-digital mode
MP4.

[0027] FIG. 16 is a graph showing simulated average PAR results for the PAR
reduction algorithm for HD Radio™ FM all-digital mode MP4 over a range of constraint
values (limits between 0.825 and 0.9).

[0028] FIG. 17 is a graph showing simulated peak PAR resuits for the PAR reduction
algorithm for HD Radio™ FM all-digital mode MP4 over a range of constraint values (limits
between 0.825 and'(.9).

[0029]  FIG. 18 is an example of an AM/PM conversion characteristic.



a lower sideband 20, and are transmitted concurrently with the analog FM
signal. All of the carriers are transmitted at a power level that falls within
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item number 24, is shown in FIG. 2. The analog,EM signal of FIG. 1 has
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raised cosine tapered (excess time=7/128) at the edges to suppress the spectral sidelobes.
This pulse shape results in orthogonal subcarrier frequency spacing of 363.3728 Hz.

[0032]  The digitally modulated portion of the hybrid signal is a subset of an all-digital
DAB signal that will be transmitted in the all-digital IBOC DAB format. The spectral
placement and relative signal power density levels of the OFDM digital subcarriers in a
proposed ali-digital FM DAB format illustrated by item number 24, is shown in FIG. 2. The
analog FM signal of FIG. 1 has been replaced by an optional additional group of OFDM
subcarriers, referred to as the extended all-digital signal 26, located in the central frequency

band 28. Once again evenly spaced OFDM subcarriers are positioned in an upper sideband



problems for adjacent hybrid or all-digital IBOC signals while providing
additional capacity for other digital services. [0033] The all-digital mode of
FIG. 2 is a logical extension of the hybrid mode where the analog signal,
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transmitted on each of the active subcarriers. These symbols are passed
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[0035] FIG. 3 is a simplified functional block diagram of a transmitter system
including the PAR reduction algorithm inserted between the OFDM modulator and the HPA.
The transmitter 40 includes a symbol generator 42 that produces OFDM. symbol data vectors
consisting of a group of Quadrature Phase Shift Keying (QPSK) data symbols containing the
information to be transmitted on each of the active subcarriers. These symbols are passed to
a modulator 44 wherein each OFDM symbol data vector is modulated to produce the digital
time-domain signal samples (normalized). This modulation includes passing the daia
symbols through an Inverse Fast Fourier Transform (IFFT) to realize the OFDM modulation.
A cyclic prefix, along with a root raised cosine window, is applied to the modulated signal

(excess time=7/128). The combination of the IFFT and the windowing operation is referred



antenna 52. [0036] A top-level flowchart of major PAR reduction algorithm
steps is presented in FIG. 4. This flowchart starts at block 60 and shows
the operations of inputting OFDM symbol data, through outputting
wmagektedoiand PAR-reduced time domain signal samples B 1geRIGQORDNE
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intentionally-reduced signal levels can be scaled to othér binary sets of

FiGevbis Thisctiowehng sietsctiidloskoSfoand Fhmusee Ansabens of inputting OFDM
syl BRRSAHONR ek At enE:RR-aRiaEA ROYalZaliamCOmRaNsRaNsamples for
step. When linear distortion (filtering) is_ a significant factor at the )
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ve§iaP dognpaeid dahprecosadohadhpitiie NEIXPAbIhd e dualizal®DM symbol. This

compensation uses a vectar (the same size. as.the i tor . .

cul R TR R s e e ot Gn st A i hubcaien prior to
ORRieh sobchtiter. FhereainpEXyaimnasge ciateanpith dbot-dimidn sgmpleleck into
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aciiva el mpreswiedf teacopraRISO el e remdRt dptHP akumpiiBipyetohat bin

sdocigldan gasalized input symhehdatavected. IA93BldNesMadWatsaled to other
OFDM ngbol block 66 shows that the input symbol data vector is

binggy el el iiiielsa Aeide Mar S RbI%EF@ach OFDM symbol. This
tragmformatins iBgpAkamedO v M IANSESBIEaM piEXHasi Faurigtitaastaimization
(IFFT), then a cyclic prefix with g, predetermined guard time is.appended
CORPERARR oo olER vEBESF FHOPISp G Ends SEHL Gt ot the
tradthideraobdyyquistpis€Fshapeutfinls Guarddiniezatyelicoppébsativensiome used to
pre%rc]ndrggmgg \INInL% r?huiﬁg t,o #HQ réO\ﬂgli@ﬁigl cr:lf‘;iz!rls é%lesgt%rrp GHA6E '\rrleé[:qgr &the same size
presence ofmulipath interference. as well as suppress the frequency
as thd élpeseofaticaubicingdrs respitng il thedwoadesunaiu gath hmieidintortion) for

eadlf QISR %@%’&T&J 230RQ0092P, AW LINE BARIAEN KB ber which, in
algorithm iterations block 68 represents the algorithms
effect, multiplies (distorts) the original complex frequency sample (bin). Each of the

elements of the input vector is multiplied by each of the comresponding element of the
equalization vector to yield an equalized input symbol data vector.

[0038] The Modulate OFDM Symbol block 66 shows that the input symbol data
vector is converted into & time domain signal for each OFDM symbol. This transformation is
performed via an inverse complex fast Fourier transform (IFFT), then a cyclic prefix with a
predetermined guard time is appended to the end of the cutput vector prior to tapering the
ends of the symbol with a root-Nyquist pulse shape. This guard time, cyclic prefix extension,
and windowing are used to improve the signal’s performance in the presence of multipath
interference, as well as suppress the frequency sidelobes of the subcarriers resulting in

reduced out-of-band emissions.



used in reducing the PAR of the modulated OFDM symbol. The details of

these algorithms are described later and in the flowchart of FIG. 5. [0040]

The Output OFDM Symbol block 70 outputs the time domain samples of
wehwoPiRRsdeduced OFDM signal. Then the process continu@§Ta#S2005/000925

subsequent OFDM symbols. [0041§ A flowchart showing more details of

t R reduction,algorithm iteratians block 68 of FIG 4 is presented i !
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usesyim badscinbitbet B Butp thermhigulep ARDM syedialerdiondstabie o these algorithms
arez%%%:é\% }'% %B%rﬁw%?jgggﬂgg §9ftinues to reduce the PAR of the

e constraining the frequency domain (symbol vector)

diSsH8ibn ahes GutpRaRE MndisaibeisblocladBepitimie Bodiserdramaipspanples of the

P AHEIRHRRS, %m%ﬁam ERLOYVEIY &esée@mea%%m%%ém%@mbois.

while constraining the distortion to acceptable levels. [0042] Block 76

rdPPdsEnts i BpEBRASARIIDR BErR seHek R PR R Aedie ea s Berithea dierations
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IS _generally characterize as t.dela e time domajn

G DB G oA LS ANEBI y vesion of tose
syrmetielingthiseffeckwillgtrithe PARredudionedecatite aRess, e symbol while
- AM/PM degradation can be reduced, [0043 lip Signal nitydes .
ColS 8 T RS TR WDl (D ChL P LA B fhersins o
acaeptaiplexi¢imis. doréier GPDH gymiboisathpledswithpreduteeraiie dovalueacceptable
coxégj 2 PR SHNG D5 EM G n Ol %?st@ﬁi@ﬁ%o@ﬁé%?@i&%&@erage power

uction is accomplished by clipping or limiting the peak magpitudes.

THOHHaseBIpekhdh sushals apreimad i\ YW ERgpIRg prévesd HtrBmgties can be
usddisiPpianapd aubekhandamissianavisab e RtReesiesiaddHbE. AM/PM is

frequency domain igroces,sing within the iteration. [0044] The Demqodulate _ .
2eRSERX PRI st SR8V He DR HBEJREH SIERE S it haienal in the
HPeVEisRatthesnoduate ByDivbssimbahpreerss desenibie pravieedlytidibheterative
demodulation steps include wejghting and folding of the ends (where the’
pm&ﬁé’ﬁcﬁgbﬁrm&%%%ﬁ%%@@acfﬁ er?ogr $%%us modulation step) of the symbol
tindedshen ThmGlipng anPHigotdedbhdoifewhetseistor thadaensitutofiipe (limits)
input bal.data vector..[004 SERQVY if _active). ,
thebrllgacgl? %Yﬁm%?] 8#5%8?1?% Xet%%igﬁggﬁequencﬁﬁg‘%g#gaeu ;ﬁ?%%%&g%md value
(e.goinpemszithe ofFIBYdwasiper Pzt ihehhisealalizentase prusybreduction is
acdSRIRRIRAI fenpYaR for same ofithe,paxtsiensRbine Algqum i Ll sample is

iteration. The vector used to remove the equalization is similar to the .
presprgithl dHitafaiBs VEIDY Bifodas dlisferHenndraeriidrhfardisings which are
lat& iRt ed uptizatieR¥as{Ctomain processing within the iteration.

[6044] The Demodulate OFDM Signal block 80 illusirates the demodulation process

that is the reverse of the modulate OFDM symbol process described previously. The
demodulation steps inciude weighting and folding of the ends (where the cyclic prefix was
appended in the previous modulation step) of the symbol time, then computing an FFT to
yield a somewhat distorted version of the input symbol data vector.

[0045] The Remove Eq. (if Eq. Comp. active) block 82 shows that if the optional
frequency-domain equalization compensation of FIG. 4 was performed, then this equalization
must be temporatily removed for some of the next steps of the algorithm in this iteration.
The vector used to remove the equalization is similar to the original equalization vector, but

all the elements are reciprocals of the original equalization vector.



WO 2005/076560 PCT/US2005/000925 9 [0046] The Constrain QPSK
Constellations & Apply Mask block 84 shows the removal of significant
distortion introduced by the previous signal clipping process. The
winzedfigaidation distortion caused by clipping introduces noRSeT(HESRIFIINY2S
into all the frequency bins of the symbol vector. This function constrains
ortiqn companshtyiacespiabisevels This GRRNSE g
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mtéilﬁfeéﬁméﬁ raReifisthin st WA THRERIRR NS ARIMABARHARY into all the

K demodulation performance, and suppress out-of-band emissions
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Block 90 shows that the iterative al %or thm ends on the last iteration (
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[0049]  The Last Iter? Block 90 shows that the iterative algorithm ends on the last

iteration (a predetermined number of, for example, 4) for this PAR-reduced OFDM symbol.
[0656] The modulation and demodulation steps are illustrated by the following
algorithm descriptions.

MODULATE OFDM SYMBOL

OFDM _ symbol _ vecror =input next OFDM symbol vector (e.g., 2048 complex elements)

sig = IFFT(OFDM __symbol _vector)

sigext = sig + append cyclicextension  ;append112 samplesfrom start of sig (now length 2160)

this is the time domain signal of the OFDM symbol

sigout = & -sigext ; . ) ) i
€ ’ where wis the root raised cosine window




WO 2005/076560 PCT/US2005/000925 10 DEMODULATE OFDM
SYMBOL sigout = input next OFDM symbol time samples (e.g., 2160
complex elements) WO 0 sigw w' sigout ; this is the time domain signal of
WEHROEDBMIsymbol = S where w is the root raised cosine whtdoW260w#q8s
sig = fold cyclic prefix extension frdth end of sig by adding these samples

D e rraanitucies of the complex QFDM symbol
sisgul e pest QRN RIBRELTR SRBI AT SRR P Tput complex
OF time domain9signal samples is scaled to one. An effective value of
theiclip rragnitude level was experimentally determined to b utl5
35 0B PARD. The units agerin TS A b R e
time-domain sagnples greviously nofPHER2EH e EpPTALS Ry tIHRIGY 1.
Th mples with mag itudes below 1.5 are unaffected. However,
_samples above 1.5 *Magnitude are set to 1,5 while preserving the phase
sigst 1iE HisPEin FRED Bt EtMEPE Shiiey BBed e B revarEnel sig (2048)
ORi¥¥ormabrlshiqeithe fdgtiklide squared samples to minimize
computations of the square root. The following algorithm can be used as
an example: s" = Re{s,, } +] Im{sn }; input next complex signal sample
mA88Y | =Régelinping erpsese drtpurSHihg mﬁﬁa@%%ér%@lwﬁaa@qog%m symbol
sardpi) RNiRivenienes, (RHRILIAIRMSS LAY 1hdNABShorMIBOOED RO e domain
. soft and hard limiting functions can be used far clipping, the hard limitin
SIZRTh Ot atel S tRe Mot o BIGTBTHES BBRK SHoWh t‘é}lBe’%ﬁ%beEdﬁn%?V‘ﬂ was
exjeffeetielfordtisnaxadnplebdf dheufinhb RAR-dRIueR timEdoumain signal magnitade
RRLPSRNs HEA st expected th experience Same SOTPIESSIOn &L ieuge of
These fe ucednﬁ)eaﬁs,q%en a so??@?pplr%)g or corﬁpressﬁn mo&gﬁlr?gs fpggrace o
1. HRA siiepils batimchageduideshiisiolippifgiproceskcBy intiosiornfsadgitonabve 1.5

(o) [ . [ I ' It i e f
e LA R B WAEU LR R SO DR samptes
abgygrihelipinigvEorae hamagaeneriogpadbalpesiipiessivaepsarplas thapinimize
coBPREPRARE Sig \@lues 38:0RReIBHAIRNE M orithm can be used as an example:

s, =Re{s,}+ j-Im{s,} ; input next complex signal sample
magsq, =Re{s,}* +Imis,}’ ; compute magnitude squared

_ Ly .
if (magsq, >2.25) thenlet s, 2——«/—1_——_ ;clipif mag > 1.5 (equiv.)
magsq,

Although both soft and hard limiting functions can be used for clipping, the hard limiting
function illustrated in the plot of FIG. 6 has been shown to be simple and effective for this
example. If the final PAR-reduced time domain signal applied to the HPA is still expected to
experience some compression at these reduced peaks, then a soft clipping or compression
modeling the HPA should be included in this clipping process. By inclusion of additional
HPA compression, the PAR iterations will result in reducing the effects of this distortion.
[0052]  Soft clipping is a more gradual limiting function than hard clipping. Some
HPAs tend to gradually compress the peaks as they approach high values as opposed to hard
limiting where the signal is linear up to the limiting value. If the compression of the HPA

can be accurately modeled, then this type of clipping may be more effective in some cases.



limiting where the signal is linear up to the limiting value. If the
compression of the HPA can be accurately modeled, then this type of
clipping may be more effective in some cases. WO 2005/076560
WeATAYR2605/000925 11 [0053] The results of the clipping §da&8404 /84925
eight iterations of the PAR reductioH algorithm is shown in the plots of

FIG. 7. Signal energies indicative of the PAR (instead of magnitud .
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sudhtemwapde istivinisrigubesdezmcetprai £ e Ko fplsitiphr@fegrance, and suppress
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degradation in BER (Bit error rate) performance. In the absence of noise

maghdvertbrtidith@rage sk someidhsiiedneistetbilomp érne domain signal
MOapRiaienBalS (Horraatizedtiameonyenianaed Md phakd)wiif donsithing the

. depending upon the two bits each symbol conveys. QPSK can also be
ntgrmpYion MRS IIRAGHEIEN BB signals, where each of the BPSK
CORBSNenBhealitsE. aaadaillatibasRA Rd aditetiembalgosihan: toparkicutilcthenimize
clipping, . a ngjse to the constellation pajnts. A bit error.occurs when .
o T b R e GId BN S el IR BT T B ogton the
idesll . @RSEOrnagustel oie. 1ofthastoisé compbmentasstelldimm thissasehobmelized for

cor‘%x?e?}?é}l%% Qtd(%WPff? Pﬂ?%)fi-?%ﬁ’l5%88%9?&%@5’%&&9%%?5?% two bits gach symbol

performdnce Is a function’of the margin of the'trans signal. In other

converds, W ideanklsraprs e siyharesrpidhesnnal BP sk sigopedvbirerach of the
BHSAR AGRHEE L2-AERH 5, TP AI€ reduction algorithm, in particular the clipping,

adds noise to the consiellation points. A bit error occurs when the additive noise changes the

polarity of one of the bits; for example if a +1.0 s corrupted to -0.1 (the noise component is
-1.1 in this case). The channel adds more noise to the received signal and the BER
performance is a function of the margin of the transmitted signal. In other words, if an ideal
transmitted signal component +1.0 is corrupted by the PAR algorithm to output +0.5, then the
system loses 6 dB of margin for that particular bit. However other bits in the PAR reduction
process can actually be enhanced since some of the distortion components will increase the
+1.0 value {e.g. +1.2, or 3.5 dB improvement). Even with Forward Error Correction (FEC)
improving the output BER at the receiver, the performance is degraded by the code bits that

decrease the margih. Therefore the PAR reduction algorithm constrains the loss in margin to



system loses 6 dB of margin for that particular bit. However other bits in
the PAR reduction process can actually be enhanced since some of the
distortion components will increase the +1.0 value (e.g. +1.2, or 3.5 dB
wWitmpsswaen@nt). Even with Forward Error Correction (FEC) iR{pr&@HgYpe925
output BER at the receiver, the pertdrmance is degraded by the code bits

that d th in.. T the PAR ti lgatith .
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THEGAlYSRORNY): Jifg diswitha, Maonitudeoraaienihan RESELRF Rarticular bit,

unchanged, This constraint has the effect of minimizing the worst case
while GsiesTes 916t BRgasharelisionrl RHNY alisiig K frouassissak sihgarocess of

cohRREAWAB iRcthe SN HaRIBINRIgBRRs ThaIRiRERIS PFIRPISHABIDehth@reshold in this
QPSK constellation paoints is illustrated in FIG. 8, where the threshald in ‘

SXARRILINMPIR & St 1B B IR S R RS ff‘PfeSB}Sﬁ‘i‘t’% fordideffSi symbols.
AlmsngredQPSihe pnbalsathongiasane otibsbiis setuphaeipeatiencerall loss in
B}%{] ir:%}rease in.signal mprgin, the overall loss in BER performance is
iRif gﬂﬁl&ﬁéf Iéﬂfé\1|%|c'Jropriate value for the threshold is a compromise
bébiEein loSsodBERrimarginali feakmebedivitha Eompramipideifuthen loss of BER
m&%&i&?ﬂg‘ééﬁﬁﬁ}&&ﬁ SERER a‘&?}@ﬁﬁt@ HULIPPR 's?e?%f)e@. BSHAUIEER margin
pgak re ipp

owth Ts greater. Successive Iiterations of the clipping and
lossgastrainieprdedsbe Pedntrliewdrsdzreaiethe FURFeRhitc ipiaias ehthe clipping and
coRQRFIRIIRHONCRNIKAINS 1FSECUWRIGAR QBRI AURITWAD BAR YRS ARstraints
example of the QPSK constraint algorithm is: if Re{f(%_lf’SK , 1 <thres, )

as BT PSAND SR FoBLE, Fiadh velue-=ARreemalep i @ﬁsr? paRiant algorithm
is:dares Im{d"}) AND (Im{d, } <0, then let x = thres Im{d"} otherwise
_leaveQPSK, unchanged. [OOS%_Hn the algorithm above, d,, is the

1 45516 ke M RSB A B TP d5hbs1 Bt Ddtor

if vihet@B§Kis}thécomipidi (hosdiblysetde tix Bindhyrdetaferires - Im{d, }

otROMERPRAYINGPRR Sihaymiel: The complex QPSK” value is the
PAR-reduced version of that element after clipping and constraint

iterations. Scaling of d,, allows active subcarriers at different levels used
in[f5"AlI-difitaoplasHitncaber ratdp. fm0sBISBHe ronakusalgsys@inke input
OFAY UsRBsfrRRcREUbGAILIRr ¥ sl &APREEMbossibly scaled) binary data for the

corresponding QPSK symbol. The complex QPSK, value is the PAR-reduced version of that

element after clipping and constraint iterations. Scaling of d, allows active subcarriers at
different levels used in the all-digital option discussed later.

[0058] Some broadcasting systems may use reference subcarriers to aid in coherent
signal tracking and to estimate channel state information (CSI) for subsequent FEC soft-
decoding. It is desirable for these subcarriers to have no distortion from the PAR reduction
algorithm. For these subcarriers the constraint could be to correct these QPSK constellations
to exactly the original OFDM symbol data vector values. Since the number of reference
subcarriers is typically small relative to the data bearing subcarriers, the regrowth of time
domain peaks in the modulated signal is minimal.

[6059] The nonactive subcarriers are also constrained to suppress out-of-band

emissions within an acceptable predetermined mask level. Anp out-of-band emission mask is



signal tracking and to estimate channel state information (CSI) for
subsequent FEC soft- decoding. It is desirable for these subcarriers to
have no distortion from the PAR reduction algorithm. For these
WeubEHITIEM the constraint could be to correct these QPSK SRt Hg 925
to exactly the original OFDM symb&t data vector values. Since the number

of reference subcarriers js t lly small relative to the data bearin ,
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. suppress out-of:hand .epissions withi { r ermin
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ninfSE QR ADRLA BRANACIVE RHRCBHISIS RECmASSOoer Wit 2eMRXNUIY mask, the

mask magnitude defined for each inactive subcarrier. The inactive

magyBbderisrsTor e OEBN SHp AR gt PEsHRiRENSE RhAtt BkdBedin. The

foliBgimasiomasnitds onmaaniiuds smiared for computational efficiency)
value. Each subcarrier (FFT bin) is unaffected when its value is below the

mask. When azbin exceezds this mask, the magnitude is constrained to the
magssKIRA v BRdSerying eeFseHaHE BRiD TRECRISHRS yBheh HFct-
.. achieves this rgasgk C(ﬁgggain . magsgii= Re { X" I'+ Im{ X" } 2 ; where X,,

i ZigsEn s BEGatJBRIOEDM ymﬁ]{g“t if magsq" < mask2,, , then let
X. = X mask" magsq" otherwise leave %’unchanged. [0060] A spectral
otKIBYSE trdYhSd HAtEEPERShal after the PAR reduction algorithm is shown in
FIG. 9. HD Radio systems can broadcast in various modes as discussed

inagopreviousiraepliengdild Sobatest Neafl a8 914 PRYe slRan &Horthm is

9 represents an FM Hyhyrid mode (MP&) utilizing active subcarriers in the din th
shavtyife RS rAngdoRapftox iRy 1% CHRRGEE FolPRALS dROsknes haedted in the
prétincenteeriMise UenGatdhere ase49 feubtagisimenie B0, Sdepandnts an FM

3%& tot I)Q%% e every 19th subcarrier is a reference subcarrier. The EM
e T
thribvighof 4P e&Bigoal cispe cidenoi sish comterNdldeethetithe Ndise awtsi@é thbcarriers on
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AR performance using the algorithms just described was simulated with
anahug Bguspreisentsinifed & iosaplat haenhoths digiahposhenvidg of the signal
spIRIHAIE VR A9%ERRhat the noise outside the active subcarriers is constrained to be
under the mask 112.

[0661] The PAR performance using the algorithms just described was simulated with
the results presented in FIGs. 10 and 11. FIG. 10 is a graph showing simulated average PAR
results for the PAR reduction algorithm for HD Radio™ FM Hybrid mode MP1 over a range
of constraint values (limits between 0.825 and 0.9). FIG. 11 is a graph showing simulated
peak PAR results for the PAR reduction algorithm for HD Radio™ FM Hybrid mode MP1’
over a range of constraint values (limits between 0.825 and 0.9).

[0062]  The simulations span 64 OFDM symbols where the resulting PAR values were
shown as average or peak over the 64 OFDM symbols in the two plots. The PAR reduction
shows improvement as it tends to converge over eight iterations. A good value for the QPSK

constraint (limit) seems to be about 0.85. In this case the average PAR achieved is less than 5

dB within four iterations of the algorithm. This compares to an initial PAR of roughly 10 dB.



results for the PAR reduction algorithm for HD RadioTM FM Hybrid mode

MPI over a range of constraint values (limits between 0.825 and 0.9).

FIG. 11 is a graph showing simulated peak PAR results for the PAR
woeadtivit@lgorithm for HD RadioTM FM Hybrid mode MP| REVEE S2paFgfeo25

of constraint values (limits betweerd®.825 and 0.9). [0062] The simulations
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result in increased peak regrowth in the time domain signal. However
the previously described constraint allows the distortion values to be relatively large even

though the constraint for margin at the threshold value (e.g. 0.85) is imposed, This distortion
results in significant increase in subcarrier power due to the distortion components greater
than the nominal 1.0 values. A solution to this problem is to first constrain the constellation
as previously described for the primary subcarriers. An additional constraint is imposed on
the secondary subcarriers where the constrained new constellation value is an average of the
newly constrained output and the input OFDM symbol data vector. This averaging reduces
the large distortion values so that the resulting distortion is similar (proportional) to the
primary subcarriers. A weighted average can further be used to adjust the degree of
distortion reduction. Simulations have shown this to be effective. The results of the

simulations are presented in FIGs. 15, 16 and 17. In FIG. 15, the digitally modulated signal



the previously described constraint allows the distortion values to be
relatively large even though the constraint for margin at the threshold
value (e.g. 0.85) is imposed. This distortion results in significant increase
wWeneingadser power due to the distortion components great8f H2A0H5E00923
nominal 1.0 values. A solution to tHf problem is to first constrain the
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additional constraint is imposed on the secondary subcarriers where the
corsenbtiamsy tevwesondael| A igissSisan average of the newly

constrained output and the input OFDM symbol data vector. This
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less th ur iterations is still an improvement of over 4 .
Lingamdistettite the rigirassiiieal olope7 Fopondl Eqoulisied HPA bandwidth and
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the transmitter output can result from limited HPA bandwidth_and
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algorithm would change the phase and amplitude relationships where the peaks would not
cancel in the same way. Placing this equalization prior to the previously-described PAR
algorithm is also ineffective since the PAR algorithm will undo the equalization. However a
modification to the PAR algorithm to include equalization can be effective.

[0068] The equalization compensation uses a vector (the same size as the OFDM
symbol input vector) containing the reciprocal of the complex output gain (linear distortion)
values for each subcarrier (active or inactive). Each of the elements of the input vector is
multiplied by each of the corresponding elements of the equalization vector to yieid an
equalized inpui OFDM symbol data vector. The OFDM modulation and demodulation steps
in the above algorithm remain unchanged, although the resulting OFDM symbol time domain

samples are somewhat different due to the equalization. The equalization within the PAR

reduction algorithm is either removed or restored at several steps in the algorithm such that



algorithm to, in effect, cancel at the peaks. The equalization applied
outside the PAR algorithm would change the phase and amplitude
relationships where the peaks would not cancel in the same way. Placing
wehiedsgfalization prior to the previously-described PAR algBfiiibyiee(E8925
ineffective since the PAR algorithﬂ'%ill undo the equalization. However a
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e equalization compensation uses a vector (the same size a
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output gain (linear distortion) values for each subcarrier (active or
inactive). Each of the elements of the input vector is multiplied by each of
EQWQ Wt of the equalization vector to yield an
OF B}t inpistaoE DRt apR BEPY Rt batteforise Gl vrmibhalarnsisand
demodulation steps in above algorithri remain unchanged, although
the resulting OFDM symbol timg, domain samples are somewhat different
eodusrihe,saualizatipn, The equalization within e R AR -austion
algorithm is either remagved or restored at several steps in the algorithm
such that WO 2005/076560 PCT/USZOOE#)OO 25 16 the QPSK
constraints imposed on‘the OFDM symbof{/&ctors does not undo the
REMUEHAIOALTEXTIONIES MPENS EfjGdlization Compensation and removal
E@|geriihms,ams QA Bdut HONCEOMBENSATDN. 5. QbR Mmpsy@batnts)
vector = input next M symbol vector (e.9.,2048 complex elements)
EQo 0 EQ EQ_OFDMEGymbol vector= OFDM_symbol_vector 0
EQ2047 REMOVE QUALI}/ ION COMPENSATION : EQ - OFDM _
ORyMbelmbaeciator nput next OFDM symbol vect@(ed:pR048wmplexor
elements) , EQO 0{1 / EQ1 OFDM -symbol -vector=. EQ _ OFDM -
symbol _ vector 0 YEQ2047 [0069] The;gffect }s that the algorithm will
continue to reduce the peaks with each/iféfatidn in the same manner as
the PAR algorithm without equalization. However, the

[6069]  The effect is that the algorithm will continue to reduce the peaks with each
iteration in the same manner as the PAR algorithm without equalization. However, the
equalization is preserved through the PAR reduction process. Simulation results confirm that -
the PAR reduction performance with phase equalization is statistically identical to the
performance without equalization. This is to be expected since distortions and peaks are
iteratively corrected and converge in the same manner. However PAR reduction with severe |
amplitude equalization may be somewhat affected since this could change the effective power
in the equalized output depending on the severity of subsequent filtering effects. = For
example, if a significant number of subcarriers are atienuated by 20 dB at the HPA output,
the equalization would require proportionally more power to compensate for these
subcarriers. The interaction of the intermodulation distortion over all the subcarriers of
different equalized levels may have some effect on the potential PAR reduction.
Furthermore, severe linear distortion can result in OFDM intercarrier interference as well as
intersymbol interference which are not compensated in this algorithm. However,
equalization for severely filtered HPA output signals should be used with caution.

[6070] In some applications the desired equalization may not be a predetermined

fixed vector. Filtering and antenna/HPA output network impedance matching may change



equalization is preserved through the PAR reduction process. Simulation
results confirm that the PAR reduction performance with phase
equalization is statistically identical to the performance without
weqguiatieh. This is to be expected since distortions and p&&REUSAE05/000925
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M conversion are dependent on the instantaneous ma%nitudes of the
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[0072] The AM/PM conversion for a particular HPA should be accurately
characterized to achieve a benefit in compensation. This characterization should be
converted in units of time delay as a function of instantaneous magnitude. An exampie of
this characteristic is shown in FIG. 18. For convenience the AM/PM conversion time units
can be characterized in terms of samples of delay as a function of magnitude, and the
maximum delay to be compensated is limited to one signal sample (2160 samples/OFDM
symbol for the HD Radio™ FM system). The effect of this AM/PM conversion is to “smear”
each complex OFDM symbol time domain sample into the next sample; the smearing being a

function of the sample magnitude. An example of the AM/PM conversion is shown in FIG.



algorithm and be compensated in the iterative process of constraining the
resulting constellations in the normal fashion. The AM/PM conversion is
introduced immediately after the OFDM modulation steps in the
walkyemminisnfortunately there are convergence issues to el RARHIFHOMHES
case since the peaks are reduced #f each iteration. Since the peaks are
ost aﬁecte the AM/PM conversion, the e ef ill change wt
%‘e‘?ﬁ%ﬁ 1B AEOTHE A55 s s & S Gt Yo CHNERIER fipsp the signal
foltb@smodellng of the AM/PM conversion as it affects the time domain
samples; and second, a method for improving the convergence of the
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algorithm, and its affect on conve ﬁg‘iyence to an accegtable PAR reduction.
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[¢074]  In some applications the desired AM/PM conversion compensation may not be
a predetermined fixed function. A feedback signal can be used to update the AM/PM
function or a parameter in the function. Although simulation results showed reasonably good
performance for this example, the actual characteristics may need further modification to
yield good results with a particular HPA. It may be the case where the AM/PM conversion
may not be sufficiently stable or accurately characterized to achieve good performance.
Therefore, it should be tested for any particular HPA type.

[0075]  This invention provides a method for reducing peak to average power ratio
(PAR) in a radio frequency signal modulated with OFDM (Orthogonal Frequency Division
Multiplexed) symbols. The method comprises an iterative process including the steps of

modulating a set of subcarriers with a set of data symbol vectors (OFIDM modulation) to



Simulation results reveal that this significantly improves convergence to
achieve a lower PAR. An example of the modified AM/PM algorithm is
shown next where an example AM/PM conversion proportional to the
wmagstoeseccubed of FIG. 18 is used. AM/PM CONVERSIORCAKGDRITHANG
WITHOUT CONVERGENCE CRITERIA : ampm" = iteration . Is,, 3 0.037
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e
secondary subcarriers in an all-digital system with different subcarrier levels, an option for
equalization of the HPA output network, and AM/PM conversion compensation.

[0078] This invention controls out-of-band spectral emissions through use of a
spectral mask. In one embodiment, improved algorithm parameters yield better performance.
Reference subcarrier constellations can be resiored with negligible peak regrowih.
Equalization of linear distortion can be introduced by HPA output network. Convergence
criteria can be used to reduce the distortion in lower-level secondary subcarriers. The effects
of AM/PM distortion can be suppressed. All of these improvements can be performed within
the PAR correction iterations instead of after the PAR algorithm, which would have resulted
in peak regrowth.

{0079] While the present invention has been described in .terms of several

embodiments, it will be apparent to those skilled in the art that various changes can be made



[0076] This invention can be applied to reduce the PAR of electronic
signals using OFDM, such as may be used in FM HD Radio TM systems.
This invention also provides a means for equalizing the signal within the

W@ ARSfE&@tion algorithm to compensate for linear distortioR €HUSEHYH{E2S
HPA output network (filter). FurtheP?:ompensation techniques for

to %on Saar dcfStoglg%\S rsitlél,C\{r]u out rS!t f % 'SCV%%FO% as set forth

imizanon in BAR - reduction pe orma nce or | ity |g|ta

in @@fpﬂmtmg sléibsRadio TM system is discussed as an example and
application of the technique. [0077] The algorithms were simulated and
showed good performance. Improved features include provision for an
out-of-band spectral mask, improved performance for secondary
subcarriers in an all-digital system with different subcarrier levels, an
option for equalization of the HPA output network, and AM/PM conversion
compensation. [0078] This invention controls out-of-band spectral -
emissions through use of a spectral mask. In one embodiment, improved
algorithm parameters yield better performance. Reference subcarrier
constellations can be restored with negligible peak regrowth. Equalization
of linear distortion can be introduced by HPA output network.
Convergence criteria can be used to reduce the distortion in lower-level
secondary subcarriers. The effects of AM/PM distortion can be
suppressed. All of these improvements can be performed within the PAR
correction iterations instead of after the PAR algorithm, which would have
resulted in peak regrowth. [0079] While the present invention has been
described in terms of several embodiments, it will be apparent to those
skilled in the art that various changes can be made WO 2005/076560
PCT/US2005/000925 20 to the disclosed embodiments without departing
from the scope of the invention, as set forth in the following claims. 21
What is claimed is: 1. A method of reducing peak-to-average power ratio
in an OFDM signal, the method comprising the steps of: modulating a set
of subcarriers with a.set 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 limited modulated signal
to recover distorted input symbol vectors; constraining the distorted input
symbol vectors to values greater than or equal to a minimum threshold
value to produce constrained data symbol vectors; constraining
out-of-band spectral components by {imiting the magnitude of the
out-of-band components to a non-zero magnitude of a predetermined
mask; and remodulating the constrained data symbol vectors. 2. The

Whah SI55M5i%i%im 1, wherein all of the steps of claim 1 are repeated to
further reduce peakrigreniechgedpoive resiictofaeaQé Pivsigradb 31 BheOFDM

sigrRethedeflaimtpudisyaia the,stgp of constraining the distorted input

symbol vectors comprises the step of: assigning the threshold value to bits
of the distSHRSY RPGt deRebroh R UEIRYTRSE SR hedfrSrhe varlers to
prodlcEhefinséthodLGitetesipna); wherein the step of constraining the out-of-

band speqiialiRgrIRORENS{UINEF SANRUSeSIAGALEP inaPRYIRGHNS a first

._.mask to nonactive subcarriers. 5. The method of claim 1, further

imitegMasuialethE%t@s of: equalizing the set of data symbol vectors prior to
the moduldeny&teping éheovistdimiadlipatiolatefi thigrsd ttofrekatees wistoled input

sym\{g%ﬁ%&épé!owing the demodL_JIating step; and res.toring equalization of the
set of data symbol vectors prior to the remodulating step. 6. The method

of claim 5 SHRRNALEAIERARS 'SR SYR0U VRRRIP orliRf g aRter than or
equet tipracaiofith ¢hossing texatue po pgainch ceataisel chtd ayrb o eateethod

of claim 6,0M§nsrn9$§mré§i'nsam EBval cBRABHYALY UPRIRLIAR magnitude

equalization vector. 8. The method of claim 1, further comprising the step
of th}- 0O BATISETRIARNFIR et b AT EaLIe £ raaf?{ﬁﬂﬁl?&‘é'aﬁ% Brsk&nd
modulatiomethsthriibing Sheltmmsivethed dftzlsymbb] wdugrein the step of

modulating a set-ffe method of claim 1, wherein all of the steps of claim 1 are

repeated to further reduce peak-to-average power ratio of the OFDM signal.

3. The method of claim 1, wherein the step of constraining the
distorted input symbol vectors comprises the step of:

assigning the threshold value to bits of the distorted input vector having
values less than the threshold value.

4. The method of claim 1, wherein the step of constraining the out-of-
band spectral components further comprises the step of;

applying the mask to nonactive subcarriers,

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

equalizing the set of data symbol vectors prior to the modulating step;

removing equalization of the set of data symbol veciors foliowing the
demoduiating step; and

restoring equalization of the set of data symbol vectors prior to the
remodulating step.

6. The method of claim 5, wherein the equalizing step uses a vector
containing the reciprocal of the complex output gain for each subcarrier.

7. The method of claim 8, further comprising the step of:

adaptively updating the equalization vector,

8. The method of claim 1, further comprising the step of!



subcarriers with a set of data symbol vectors, comprises the steps of:
passing the data symbol vectors through an inverse fast Fourier
transform; and applying a cyclic prefix, a guard band, and a raised root
cosine window to the modulated signal. 10. The method of claim 9,
wherein the demodulating step con®arises the steps of: weighting and
folding the cyclic prefix; and computing the fast Fourier transform of the
data symbol vectors. 11, The method of claim 1 rein the limiting, ste
comprises‘:%@ffegﬁﬁ ri‘ﬁg t(? c%ﬁ%lprg}sosgl%%tr%daoa%ﬁﬁ%\yl}% he r%%%og'%df pﬁase
mods|Eimndigiheiesin the step of constraining the distorted input symbol

vectors camprisegthmstiestadt Blaging, avAdRIMURR addedieAland a set of

subim?,%inar_ caorsn ongnts of t e’ \?Q/C?%?OI e/%:t%gsé Jﬂ’%‘é'ggae Srnot?_thod of claim 1,
FHRETE NP 81f ﬁ%’c@fw Ps Inc udq'e ébatg su?)carrlel‘% and reference

subcarriereasainbtHbstaiates combehinRRiclse Histerterihpavesseest Fourier
trangﬁgpgr§rggpmprises the steps of: placing a minimum value on real and

imaginary corinPonentsiof thef'. sgmboldvgctgrs chrried o th datarl1 . ¢

subcarrierg?%HH%Sr%%anﬁr%ﬁI aHLﬁ.rnaSPnar?/ncoaHsgﬁerﬁ?so o?‘%ﬁ'e%WH %‘fv ©
the vectoatashsidedl. on the reference subcarriers. 14. The method of claim 1,

further comprisingbigstepiclt aupragingdharcarsi@inatidatg sigplomprises
vector% and the distorted input symbol vectors. 15. The method of claim

the ﬂg,p\%ﬁerein the average is a weighted average. 16. The method of claim
1, whereinmg¢ighORDMIcsigidid vsryeic repiire80d subcarriers and the

method fughepappprisestheslanehderioinaseareasaonaisen the
reference gybcariers 1o AU NALYAIES AR "HERRERS Y28 Sofibrises sof
clipping or compression modeling.

12, The method of claim 1, wherein the step of constraining the
distorted input symbol vectors comprises the step of:

placing a minimum value on real and imaginary components of the
symbol vectors.

13. The method of claim 1, wherein the set of subcarriers include data
subcarriers and reference subcarriers, and the step of constraining the distorted input
symbol vectors comprises the steps of:

placing a minimum value on real and imaginary components of the
symbol vectors carried on the data subcarriers; and

correcting real and imaginary components of the symbol vectors carried
on the reference subcarriers.

14. The method of claim 1, further comprising the step of.

averaging the constrained data symbol vectors and the distorted input
symbol vectors.

15, The method of claim 14, wherein the average is a weighted
average.

16. The method of claim 1, wherein the OFDM signal includes
reference subcarriers and the method further comprises the step of:

restoring reference signals on the reference subcarriers to original values

of the reference signals.



17. A transmitter for reducing peak-to-average power ratio in an OFDM
signal, the transmitter comprising: a modulator for modulating a set of
subcarriers with a set of data symbol vectors to produce a first modulated
signal; a limiter for limiting the magnitude of the first modulated signal to
produce a first limited modulated si&fhal; a demodulator for demodulating
the first limited modulated signal to recover distorted input symbol
vectors; a processar for constraining the distor&gtd_iqplrjé sgmg\%\r/erc ?orsiztp an
values gréa‘tert ali]r%rps(gra 8l 8 RN PR R8T VEteRd produce
OF ireitredh gtk deatessyiteh ebPropdsN®, and for constraining out-of-band
spectral CQmRRNAREs RY HbdinditersaomisidR aatdRevpi-HEdasidiata symbol
com oneci’nts to a r};)rg-zego a??réinﬂde of a predetermined mask; and a
VeI BRIRHE T34 & 8?1‘!’ ‘i}é%? Lonstrained data symbol vectors. 18.
The transwmitreitasffetdimiting, thertheetivdp ALY fiast ewatilpled mana)irrradgce
a firltheragd P-datasymbglaectors prior to the modulating step. 19. The
transmitter of clai fyrther comprising;, a compgnsator for .
compensa%ir?&%%?llr% Fn%oéu%aet'ga%ﬁgahg?fé?%rﬁﬁtf ('3 eénﬁ’%%ué%teed signal to
reconedtithoited divtdriwnboOveatarshsmitter for reducing peak-to-average

power ratig ficaas&r RIMcigialining irRNGBMRUGARPESBoINeaBE RS values

modulating a set of subcarriers with a set of data symbol vectors tg
arecl e & RSP I o PR R o A e as i oo
vecfirst ansticratedstiginiiaewrotibeed sraaital mieanedfs Brdimdigadnanezgniude
of t!ﬁ@%@;@ﬂ?@%ﬁﬂﬂl}'}ii@a&ﬁﬁﬁéﬂﬁttﬂ@iF}@ﬁ-ﬁé@@' s:t{ageﬁmamﬁ?gtr@@mﬁd : irﬁ@iﬁﬁ%@ land
input symbol vectors; means for constraining the distorted input symbo
ectors to S ERUE Qe (RS S B o R A daha U Ve
produce coBstraifieel ornsnyiiaisdcigstiorSudharferrabigingining
out-of-banghspeciigke am RANRNEME L HENEE tiheara ag/nithisle,ertdhe prior to the
t-of-band components to a non-zero magnitude of a predetermined

'r?,ga%%o'means for remodulating the constrained data symbol vectors.
18. The transmitter of claim 17, further comprising:

mo

a compensator for compensating the first modulated signal for amplitude
and phase modulation distortion.

20. A transmitter for reducing peak-to-average power ratio in an
OFDM signal, the transmitter comprising:

means for modulating a set of subcarriers with a set of data symbol
vectors to produce a first modulated signal,

means for limiting the magnitude of the first modulated signal to produce
a first iimited modulated signal,;

means for demodulating the first limited modulated signal to recover
distorted input symbo! vectors;

means for constraining the distorted input symbol vectors to values
greater than or equal to a minimum threshold value to produce constrained data symbol
vectors, and for constraining out-of-band spectral components by limiting the magnitude
of the out-of-band components to a non-zero magnitude of a predetermined mask; and

means for remodulating the constrained data symbol vectors.



