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Background Of Invention
The large time-domain peak-to-average energy ratio (PAR) of discrete
15  muititone (DMT) signals is often cited as a major disadvantage of DMT
systems. This problem exists in systems using other modulation schemes as
well, such as in systems using orthogonal frequency division multiplexing
(OFDM) and orthogonal quadrature amplitude modulation (OQAM).
A large PAR requires implementation of a high-precision digital-to-analog
20 converter (DAC), or else requires the system to be tolerant of signal distortion
(clipping) introduced when input signals exceed the DAC range. For a fixed
DAC precision, scaling the input signal so that signal values are always within
range
may result in excessive quantization noise; on the other hand, insufficient signal
25 scaling may result in excessive clipping noise.
A number of approaches to reduce the time-domain peak
amplitude of DMT and OFDM symbols have been proposed. These techniques
can be divided into three classes. In the first class, multiple symbols are used to
represent the same data and side information, transmitted on reserved tones, is
30 used to tell the receiver which of the symbols was transmitted. For example in
J.S. Chow, J.A.C. Bingham, and M.S. Flowers, “Mitigating clipping noise in
multicarrier systems,” Proc. 1997 Int. Conf. Commun. (ICC'97), pp. 715-719,
June 1997, if the peak of the DMT symbol is too high, the DMT symbol is
scaled and reserved tones are used to relay the scaling factor to the receiver.
35 This technique reduces the signal-to-noise ratio (SNR) of the transmitted
symbol and thus results in an increased bit error rate. In Djokovic, “PAR
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15 IEEE Trans. on Commun., vol. 46, pp. 5-10, Jan. 1998. These methods
generally involve removing "bad" time-domain sequences from the set of
possible transmitted symbols and thus result in a data rate loss. Furthermore,
these methods require mapping the data to the “good" symbols. This map is
generally accomplished via a lookup table. The size of the required lookup

20 table becomes impractical in a DMT system with many tones and large
constellation sizes.

In the third class of schemes, PAR reduction is achieved via a redundant signal
representation, in which a given data block can be represented by any of a
number of possible transmitted signals from some equivalence class, with the

25 ‘“most desirable" class representative—-in this case, a representative with small
time-domain
peak value—--chosen for transmission. In such schemes, the receiver
is designed to operate “modulo equivalence classes” producing the data block
associated with an equivalence class whenever it detects an element of that

30 class. In this way, the receiver requires no knowledge of the precise algorithm
used to select a class representative at the transmitter. One way to operate
“modulo
equivalence classes” in the DMT case is to have the receiver simply ignore the
contents of various frequency bins. See A. Gatherer and M. Poliey, “Controlling

35 clipping probability in DMT transmission,” Conf. Record 31% Asilomar Conf. On
Sign. Sys. And Comp., pp. xx-yy, Nov. 1997; A. Gatherer and M. Polley,
“Proposed PAR Reduction Techniques for G.lite,” Universal ADSL Technical
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FI1G. 1B is a schematic block diagram of an alternative DMT transmitter
20 configuration according to this invention;
FIG. 2 is an expanded signal point constellation in accordance with this
invention;
FIG. 3 is an alternative expanded signal point constellation in
accordance with this invention;
FIG. 4 is a block diagram of the perturbation selector of FIG. 1A;
FIG. § is an illustration of the perturbation vectors of the modulo M,
perturbation device of FIG. 4;
FIG. 6 is a flow diagram illustrating a perturbation vector search used by
the modulo M, perturbation device of FIG. 4;
30 FIG. 7 is a flow diagram illustrating an alternative perturbation vector
search used by the modulo M, perturbation device of FIG. 4;
FIG. 8 depicts a set of perturbation vectors according to this invention;
FIG. 9 depicts a three dimensional table used in the perturbation vector
search illustrated in the flow diagram of FIG. 10;
35 FIG. 10 is a flow diagram illustrating another alternative perturbation
vector search used by the modulo M, perturbation device of FIG. 4;
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FIG. 16 is a flow diagram illustrating the operation of yet another
alternative perturbation selector according to this invention;

FIG. 17 is flow diagram illustrating the operation of another alternative
perturbation selector according to this invention; and

15 FIG. 18 is flow diagram illustrating the operation of another alternative

perturbation selector according to this invention.

Description of a Preferred Embodiment
The present invention is generally directed to a system and method for
20 improving a defined property of a signal after block transformation, hereinafter
referred to as a transform-domain signal. In order to provide a more readily
understandable description of the invention we describe herein an actual
application of the invention to reduce the peak-to-average energy (PAR) of the
time-domain signal (more generally referred to herein as the transform-domain
25 signal) in discrete multitone modulation schemes. It will be apparent to those
skilled in the art that the invention is generally applicable to other modulation
schemes, such as orthogonal frequency division multiplexing (OFDM),
orthogonal quadrature amplitude modulation (OQAM), and discrete waveiength
multitone (DWMT). Moreover, it will be apparent to those skilled in the art that
30 the invention may be used to improve other defined properties in the transform-
domain signal in addition to PAR.

There is shown in FIG. 1A a DMT transmitter 10 that includes a signal
mapper 12 which receives input data and outputs a sequence of blocks of
frequency-domain symbols X, (X,-Xy.,). Each symbol in a block corresponds to

35  adifferent frequency bin and for each frequency bin signal mapper 12 selects a
symbol from a constellation of points. Signal mapper 12 chooses the
constellation for each frequency bin based on the channel! quality for the
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FIG 2 is an expanded signal point constellation in accordance with this
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complex frequency bins (X,-X,s)} and the upper fifteen complex frequency bins
(X,-X;,) are selected as the complex conjugate images of the lower fifteen bins

15  so that the resulting frequency-domain signal possesses the Hermitian
symmetry needed to make the time-domain signal real-vaiued.

Inverse Discrete Fourier Transform (IDFT) device 14 receives each block
or vector of frequency-domain symbols X, X,-X,.,, and transforms them into
blocks or vectors of time-domain symbols x, x,-X,.,, Which are provided to

20 perturbation selector 16. IDFT device 14 and perturbation selector 16 together
form perturbation transform device 17. In other applications different types of
invertible transform devices may be used and the outputs of the IDFT and the
other invertible transform devices may generally be referred to as the transform-
domain symbols.

25 Perturbation selector 16 perturbs the time-domain symbols, as described
in detail beiow, in order to reduce the PAR (or, more generally, improve a
defined property) of the transmitted symbols and outputs blocks or vectors of
perturbed or modified time-domain symbols y, y,-yu.,. Perturbed or modified
time-domain symbols y are provided to paraliel to serial converter 18 and these

30 symbols are transmitted in serial form over the channel to receiver 19.

it should be noted that although perturbation selector 16 perturbs the
time-domain symbols, or more generally the transform-domain symboils, this is
not a necessary limitation of this invention. As shown in FIG. 1B, transmitter
10" has a perturbation selector 16’ which perturbs the symbols prior to IDFT

35 device 14, i.e. in this example, the frequency-domain symbols would be
modified instead of the time-domain symbols. Perturbation selector 16’ and
IDFT 14 together form perturbation transform device 17°.
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Modulo M, Perturbation
20 With this approach, the signal constellations are expanded
relative to the minimum necessary constellation size to support the given data
rate in each complex frequency bin and the expanded consteliation is
partitioned into equivalence classes. The receiver 19, FIGS. 1A and 1B, is
designed to detect equivalence classes (not individual constellation points or
25 symbols). This provides the transmitter some flexibility in choosing the
transmitted symbols. This extra degree of freedom can be used to optimize
some objective function of the resulting signal---in particular, the time-domain
peak amplitude. The objective function is optimized without a reduction in the
transmitted bit rate, but the transmit power must be increased to accommodate
30 the additional points in the expanded signal constellations. However, by
limiting the size of the expanded constellations as described below, significant
PAR reduction can be achieved with almost no increase in the average signal
power, so the net performance penalty is negligible.
To illustrate the general idea of an expanded constellation with a specific
35 example, consider a DMT system transmitting at a rate of two bits per
frequency bin. Such a specific example, expanded 4-QAM(quadrature -~
amplitude modulation) consteliation 20, is depicted in FIG.2. Expanded
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15  vector is given by the inverse Fourier Transform as follows:

1 N-1 .
—=> X, e n=0,.,N-1 (1)

TN &
i.e., x=F"'X, where F is the Fourier Transform matrix and H denotes Hermitian
transpose. To ensure that x is real, X must be chosen to have complex
conjugate symmetry, i.e., X,=X'\, where X =X,, implying that X, is real, as is

20 Xy, when N is even.

First consider the complex symbols X,, k=1,2,...,(N/2)}-1, (N/2)+1,...,N-1.
Generally these complex symbols X, are chosen from an L%-QAM constellation,
corresponding to transmitting 2log,L, bits on complex frequency k. Each L?,-
QAM constellation may alternatively described as the Cartesian product of two

25 independent L .-PAM consteliations, one for each real and imaginary component
of symbol X,. A value m, is defined as the largest of the PAM signal magnitudes
in the kth channel and d, is the distance between the PAM symbols. A value M,
is equal to 2m,+d,. The value M, is used to define the equivalence class points
in the expanded constellation.

30 In order to define the expanded consteliation, the base constellation
may be expanded to include for each base constellation point all pbints that are
congruent to each of the base constellation points modulo-M, in either of the
two real and imaginary dimensions. All points congruent modulo-M, are
considered to be in the same equivalence class. See, for example, that one of

35 the points "A” in expansion area 24 outside of the base constellation 22 is +Mk
from point "A” in base constellation 22. Also, another point “A” in expansion
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5 constellation 42 and expansion areas 44, 46, 48, 50, 52 and 54. Here, in the
15 kth complex frequency bin, valid nonzero perturbations are drawn from the set {
M, -M, M/2 + jM, M/2 - M, -M/2 + jM, -M/2 - jM }, where M = M,. Effectively this
amounts to permitting shifts by elements of the two-dimensional lattice A

generated by:
M2 0
- 2
2 [1 2] 2)

The receiver would then be required to operate modulo A. A wide
variety of similar possible perturbation sets, involving other sublattices of the
integer lattice in one, two, or more dimensions, are possible. For signal
constellations based on other lattices, for example, the hexagonal lattice in two

25  dimensions, still other perturbations sets are appropriate, as will be apparent to
persons skilied in the art.

Referring now to FIG. 4, the perturbation selector 16 is shown in more
detail to include modulo M, perturbation device 60, which perturbs the block of
time-domain symbols x to form a plurality of blocks of modified symbols z;,(z; -

30 z.,)- There is an unused frequency bin perturbation device 62, which further
modifies the blocks of symbols z; by adding energy to the unused (DC and
Nyquist) frequency bins, forming blocks of symbols z. And, there is a selection
device 64, which selects the block of modified symbols z;’ that has the minimum
peak, in the case of PAR reduction, or generally, selects the block of symbols

35  which most improves the defined property.

It
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20 Since the requirement for a valid perturbation vector is that each V, be
an integer multipie of M, in the kth dimension, there are therefore an infinite
number of valid perturbation vectors. By perturbing the frequency-domain
symbols X, (X,-X,., ), in this manner, the resuiting perturbed or modified
symbols are in the same equivalence class as the unmodified symbols X ,(X,-
Xy ). When the perturbations are added in the time-domain, if each symbol in
the block of perturbed or modified time-domain symbols is transformed to the
frequency-domain, they will be in the same equivalence class as the frequency-
domain symbols X,(X,-X,_, ) which produce the unmodified time-domain
symbols X, (Xg-Xy.s)-

30 For many invertible transforms, and in particular for an inverse discrete
Fourier transform with transform size greater than four (4), it is not feasible (or
even impossible) to search over all valid vectors, but a search over a limited set
of vectors (such as vectors which perturb only one real or imaginary component
of one frequency bin by +/-M, ) can achieve a significant PAR reduction. This

35 involves first perturbing only the real or imaginary component of a single
frequency. Each compiex frequency perturbation that is defined to be non-zero
corresponds to adding a sine wave to the time-domain symbol. The peak of the

[£8)
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constellations, and then modulo M, perturbation device 60 operates in the

15 transform-domain by searching for the best valid perturbation, where a
perturbation is valid if it transforms a given block of symbols to another block of
symbols, which are symbol by symbol in the same equivalence class.

With N frequency bins, two of them being unused (zero and Nyquist),

there are N-2 frequency bins which can be perturbed. Each frequency bin can

20 be perturbed by one of four non-zero perturbations, namely, +M,, -M,, +jM, and

—jM,, where j=+/=1. In the specific case of an inverse DFT, the time-domain
signal is real valued only if the frequency-domain signal has Hermitian
symmetry. Therefore, only (N-2)/2 “lower” frequency bins are perturbed, with
the “upper” image frequency bins chosen as complex conjugate images. Thus,
25 there are a total of 4(N-2)/2=2(N-2) valid non-zero perturbation vectors. Since
the zero perturbation vector (i.e., no perturbation of the complex frequency
components) is also allowed, there are 2(N-2)+1 valid perturbation vectors.
As is illustrated in FIG. 5, the block of time-domain symbols X,(Xo-Xy.1), IS
added to each of the valid perturbation vectors v, (v, through v,.5), to produce
30 vectors z,, (2, through z ,,, ;) . The frequency-domain perturbation vector V, is
the all zero perturbation vector. The frequency domain perturbation vector V, is
shown, for example, to include a +M, perturbation of real component of the k=1
frequency bin and the same perturbation of the complex conjugate frequency
bin k=N-1. And, frequency-domain perturbation vector V, is shown to include,
35 for example, a +jM, perturbation of imaginary component of the k=1 frequency
bin and a - jM, perturbation of imaginary component of the complex conjugate
frequency bin k=N-1. Of course, the frequency-domain perturbation vectors

10



every bl ock of synmbols X contains N synbols, (X err]XN-1), each of which is
modul at ed” oWQ9%83662r at e carrier frequency. The transmitted ti rRCTHB$A3{07840
signal 15 vector is given by the inverse Fourier Transformas foll ows:
[err] err] .. (1 . i.e., x=FHX, where F is
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ensur e t haddded to thestimexiomain $ambbissen to have conpl ex conj ugat e
symetry, i.e., T e r rj"[TRJ Vi i as is
20 Xerr]2 MeTﬁ%Tﬁérgéeéfsgretg\%Uﬁe%(%ﬁgor st God(lﬂs}ﬂaéél%t(w)é%c\()%%&ajawnbol S
Xk, k=1 , Zhe.all zewNector) Munmgy; for example, be storedsimmemory andvseddopl ex
synbol § X : ' ; r dihg to
U1 ansnit ﬁ%‘%’f’%&%ﬁ R S o A € PUplrBlehil @S diagran 7)) PROSNGY,

const el | at$18R 7dfhetext igek oblim Ainemislisynis ehtairad ey Il devise t wo
25 i ndepeiyleriG. LK an@Nhanep 74 X & a6déed tovectopy, Rafdimi alinalep 76ag]igar y

. nbol k. A nk is.def d t th
BAME o1 gnal Proysiett tocaiised fieayendiEbiheitbater deiceR2; 18,4 i siemta 1 "°
bet ween t heedtihes j#hahd in Atern80dt ibtdetermined ifeicisegreatnghhmﬁ(N-Zﬁd,i/.gl,ue VK
t
const a arae AR+ T WGt Michufing e B 2318 vestor) hlsh MRl | (.
base constpieisent bleck of symbplex. df patidben the flaw procetds to step Bawhere x is
tell ati ' ' ; i € f: b
const ol | atToded B e Aext AILRIbATECRIS. Ifis GREAISH Biin SENGART, Blontif> rory

di mensi onsSteR 82 Hisiset {0 gerryand flowEiums towstap 2 where e nget elgck@fhe in the
same equi vélrabele i€ b@@ain?i&e% mbﬁf bgg?g@a ﬁﬁtlg?}e%l@%k%i’f stiniélaoﬁfdiﬂt s " /r;" in
pornt 5 SiFees ohdfadl AT ERABfo A ARiRebom e gpabFon
7 .
PAR reduction performance is expected to increase as the search space
is enlarged. For example, where up to two non-zero components are allowed in
the perturbation vector V,. This requires searching over an additional (N-2) * (N-
20  3) possible vectors. Although searching over this larger space provides a
greater time-domain peak reduction, performance improvement may not be
significant enough to warrant the tfremendous increase in complexity. For larger
values of N, (e.g. 256), it may be useful to allow perturbations of +/- 2M, or
larger multiples of M, as well.
25
Unused Frequency Bin Perturbation
The idea of reducing the peak by transmitting energy in unused bins is
not new, however, novel low complexity methods to use certain unused
frequency bins to optimally minimize the peak power are described herein. The
30 methods apply to the following unused frequency bins: the DC bin; the DC and
Nyquist bins; the Nyquist bin; and the DC, Nyquist and N/4 bins. Typically
during a training sequence, the transmitter will determine which of the
frequency bins will be the unused bins. Then, using one of the techniques
described below corresponding to the unused bins, each of the vectors 2z, from
35 modulo M, perturbation device 60 is modified by unused frequency bin
perturbation device 62 and the modified vectors z,” are provided to modified
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const el | abGhin however, as described below, it is practical to choose
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[err] 0

The recei ver woul d
t hen be rWwiere dae Mmaxaed theminare mmmammand minimum values of the

symbols z;-zy , in the time-domain vector z,. The resulting vector is denoted z'.

DC and Nyquist Bins
15 This technique can be used when the DC and Nyquist bins are unused.
Shifting the even symbols of z, by one value and shifting the odd symbols of z,
by another value is equivalent to changing the values of both the DC and
Nyquist frequency components of corresponding frequency-domain vector Z.
"The even symbols are defined as any component z, of the vector z for which i is
20 even and the odd symbols are defined as any component z, of the vector z for

which iis odd. The time-domain peak of z, is reduced by adding to the odd
symbols of z;:

Odd perturbation= — (max e (zi);minodd(zi)) @

25  and adding to the even symbols of z;:

(maxeven (z;) + min,,,, (zi)) (5)
2
where max,,; and min,,, are the maximum and minimum values of the odd
symbols of time-domain vector z, and max,,,, and min,,,. are the maximum and
minimum values of the even symbols of time-domain vector z, The resulting
30  vector is denoted z;.

Even perturbation= —

Nyquist bin
12
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synbol s. @ym@&jmeuen@wd odd tlnlerr%yrﬁbﬁlsf neei shiftediby or vectors of

synbols, [err], are further nodified by unused 5 frequency bin
perturbation devi ce to formvectors, [err], fromwhich the vector with

DC shift= _[max(u,.);-min(u,)] ' 6)

15 where max and min are the maximum and minimum values of u,.
The odd symbols of these shifted symbols are again multiplied by —1.
The resulting vector is denoted z;

DC, Nyquist and N/4 bins
20 If the transmitter is also not using the N/4 frequency bins in addition to
the DC and Nyquist frequency bins, then every fourth symbol z, (n mod 4=k, for

each k=0,1,2,3) can be modified independently. Symbols z,, z,, z, etc. of vector
z, are shifted by

k=0 pertUbation= - (maxnmod4=0 (Zi) + minnmod4=0 (Zi )) (7)
2 T
25 where the min and max are the minimum and maximum of symbols z, of vector
z, such that nmod 4 = 0. Symbols z,, z,, z, etc. of vector z, are shifted by
k=1 pertubation= — (maX,, pog et (2,) + N, pog 41 (Z;)) (8)
2 1
where the min and max are the minimum and maximum of symbols z, of vector
z; such that nmod 4 = 1. Symbols z,, z,, z,, etc. of vector z, are shifted by

30 k=2 penubation: _ (max,, mod 4=2 (Z,-) + minnmod 4=2 (Z, )) (9)
2 ’

where the min and max are the minimum and maximum of symbols z, of
vector z, such that n mod 4 = 2. Symbols z,, z,, z,, etc. of vector z, are shifted
by
13



the m ni num peak is chosen and its synbols are transmtted as out put

synbol s WO 99rs3§62 Pert urbati on sel ector 16 operates in the rETrUSEMTRiON t O
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synbol s X, ([err]),, whi oduce,the un ified time-domain synbol s x,
(%/err]). 3(()[ ] T%ﬁn&]y?ﬁ%ﬁ%@lkqu@%Sj;nlsforn:;, and iln parti cul%&?) forXan

i nvers® discrete Fourier transformw th transform size greater than
four (4), ki . LS t_f ible.(or . even i.npossi ble) to search over all
val i d vect‘“}ohresr,é E@%%f&@? 8¢ BfPeP‘aé"FPm R migmum va&qﬁs ‘?/foéE?é'r"%e'(d§G@1nas
vectors wweetergerturb only one real or inmaginary conponent of one
frequency bin by +/-M) can achieve a significant PAR reduction. This

DC and Nyquist bin

20 This algorithm uses both the DC and Nyquist bins. Z;' is equal to Z,
modified by Z,' and Z,,". Setting the Nyquist frequency bin Z,,,’=V,,, in the
frequency-domain causes the alternating vector (Vy,, , - Viz reees Ve » = Vi M

JN tobe added to the N-point time-domain vector, z,. If, in addition, the DC
bin Z,’=V,, then the overall perturbation in the nth time-domain symbol is z,'=z,

25 +(Vo+ (-1)"V\w) JN . Since V,and Vy,can be chosen arbitrarily, this freedom
allows us to shift the even and odd time-domain samples independently, by
choosing

Z0’+ZNIZ,= '(maxeven(zi) + mineven(zi))* '\/F (12)
30 and

Zy-Zyy, = -(MaXees(Z;) + Min(z)* JN (13)
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35 involves first perturbing only the real or inmaginary conponent of a
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r epr eskéht adomain symeal 2 ozhak denateihe W@aga\@@e p=gAnd its sign byis(s=ind
then nodul g pMQ, e i pato)eandevi ce 60 operates in the 1 5 transformdomain
by searching for the best valid perturbation, where a perturbation is
valid if it transforns a given block of synbols to another bl ock of

synbol s, which Arketsynbol by synbol in the sane equival ence cl ass.
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-

15

DC , Nyquist and N/4 bins
if the DC, Nyquist and N/4 bins can all be used to reduce PAR, the
20 corresponding frequency-domain perturbation of 0, N/2 and N/4 can be
determined following the idea used to determine DC and Nyquist bin algorithm
described above.
Alternative Search Methods
The search method described above with regard to FIG. 6 involves
25 searching all 2(N-2)+1 perturbation vectors v, in the modulo M, perturbation
device 60 to determine which most reduces PAR or most improves the defined
property of the transform-domain signal. Described below, there are two
alternative search methods which reduce the complexity of the search for the
perturbation vector which most reduces PAR or most improves the defined
30 property of the transform-domain signal. Other search methods will be
apparent to those skilled in the art.

With the first method, illustrated in flow diagram 90, FIG. 7, the next block
or vector x of time-domain symbols is obtained, step 92. The peak value for the
symbols XX ,, peak(x), in time-domain symbol vector x is determined and the

35 peak time sample location, |, is also determined, step 94. Then, a iimited set of
all nonzero 2(N-2) perturbation vectors v, is established. That set of vectors, v/,
includes each of the N-2 perturbation vectors corresponding to +M,, +jM,. The

15



Wth N frequency bins, two of them being unused (zero and Nyqui st),
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frequency & o3 IPfsr%aEﬁgHemfl Egraéteyjthéﬁ -2, Ifﬁ@"iﬁrs lﬁafca?éfﬁwlhﬁ2 to

I nclude a + pertur requency bin

and tH& saw-q@éwepwsl(w e ahhée@)\ﬁme hﬁ)ﬁ]@@%ﬂ@of’ﬁ@&%éy flow pin
k=N-1. An%ro&éea@wgwpdmwheﬁ@rénd b)étre 88t te£dre an@ then fHeonext slockier ude, 35

for exanple rturbatio i nary conponent of the k=1
f requency véctorxg%n%ngorg W%‘ér'? SPHRDP gn of inmginary conponent of the

conpl ex conj udat step 100 itis deteeminedihat kvNsign &¥theorecter attlbeation | is not
%equency-M|tg tRE SIgt SRhb PeakBO! tHeh in step 112 it is determined if the sign of

-

15  the vector v, at location | is the opposite sign of the sign of the peak(x). Ifitis,
then that vector is added to x in step 114, thereby forming z; which is provided
to unused frequency bin perturbation device 62, FIG. 4. In step 104 j becomes
j+1 and in step 106 i becomes i+1. And, as described above, in step 108 it is
determined if i is greater than N-2. If it is, this indicates all N-2 nonzero vectors

20  {and the all zero vector) have been considered and flow proceeds to step 110
where i is reset to zero and then the next block or vector x of time-domain
symbols is obtained. If in step 112 it is determined that the sign of vector v, at
location | is not the opposite sign as the sign of the peak (x), then the system
moves to step 106 where i becomes i + 1 and flow proceeds as described

25 above.

Therefore, with this search method less than half of the
perturbation vectors must be used as compared to the method described
above with regard to FIG. 6. Another alternative search method is
depicted in FIGS. 8-10. This method successively reduces the search

30 space by eliminating perturbation vectors which do not sufficiently reduce .
the peak at each time sample.

As shown in FIG. 8, we establish and store in memory a set 120, FIG. 9,
of perturbation vectors. The set includes 2(N-2)+1 time-domain perturbation
vectors if we allow one real or imaginary component of one frequency bin to be

35 perturbed by +/-M, and include the all zero perturbation vector. The vectors

each include N components corresponding to the number of time symbols.

Each component in the vectors may be represented as v,

i where i indicates the
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must be transforned into a tinme-domain perturbation vector v, before being
added to 't WO®PP#Bs6donmi n synbol s X. The I nverse DPSEUSS8/07840
Fourier transform v[err], of these 2(N-2) vectors (and the all zero

vecton) Vool T S Bho i3 366 Skl TR e 8 T s, it U0 1
Govr oo eBnfiptiert Aiffe YectdritakeUBh Do/ ST MpbSiBRl Alilled A TAMPYIV
[err]. IntsoRly JR.. TRESE vhmes are @frd@veal%nﬁ SmidNeserd farrgastGMaFéfbe ed

perturbation devi ce 62, 4. ep 78, | becOnes 1+1 and 1 n step
80 it is teesvAlsddwhere ’TQ"g?e-atW? than 2(N-2)+1, i.e., 10 have all

2(N-2)51 vect orfhdn, ractméermmbhemidl tatsieol AR FIGL B, Regenadtsd ahd §tbﬁed.

bLock.. of I d 4 wh
P esent bl Re YIRS eelirhloR o, B3R S bR o F gk 2haR-H, he ©
2(N-2) +ﬁ thiomgh N/2 is thestsezpndXdimensiarein the tablea Fhd thlrd\dlmehsrumsta)ﬁlt ;apt EZ
wh t t-ha e
bch bl oo JECtats e SomesnanditFed ehchinf? el and babh oS e NIBT R
f r equency wheregbetithr componeateof the @z'requgdlng 2(N4£)+1 point vector israRne if
reducﬁbgnvp% set WQGQE gr%t‘éi‘ﬂ%ﬁ @QIsT(I? | OfHrdise, We VBRISEAIHE IS Béﬁf:onent I S

enl arged. Eor exa ere Wo non-zero conponents are

the pertucbipe G&N%ﬁfﬂo‘?mm veqtﬁ[ is 3 28IRr dBisstbsee Himgneipaal table diused i

(N-2) = ( Ith% %{értu?ba@@ﬁ&ebdof séaféwa@grﬁmmhaugénwgémtmg over ]E his |arger

space provides er. tinesdopain reduct i on, performpce

i ﬁpr ovgment mafﬁ%‘ta ngsﬁg]d, é—r &n??frb%dg?vh&kﬁ'ﬁgﬁet'ﬁawq%ﬁ" ¢ PERBNdous

i ncrease iaﬁtardhplmadmlp M,Fpertumajmn Sincethé wnsisef fiéquenocy. bid pErturbatiomy be
sef h t o] : r : r d 10 pl as

wel |- 135 SRV Bie, tERBES B Bhak, i il necsssatl e mBinh 4l AbyBbIEE

r edu0| ng m@kp@fa%etﬁysmran?hettgm@%elw syptem depgneentand is chosemto hew,

hovever, s vafle EPWRICHXt IsVdeRidiP#SrdduceIRe Gk Andiher Salue, A, vf/ﬁléﬁli'@ncy
bins to optimall y m nimze the peak power are described herein.

the maximum perturbation, is set equal to 2M/ /N . With a +/-M, penurbatnon
in one real or imaginary component of one frequency bin, this is the largest
20 perturbation in a time-domain sample generated. Then, a vector goodT is
defined. This vector initially has each of its 2(N-2)+1 components set to one,
[1.1,...,1]. The components correspond to the 2(N-2)+1 perturbation vectors of
the set of vectors 120, FiG. 8, and a one indicates that the corresponding
vector is a “good” vector and should be considered for reducing PAR, while a
25 zero indicates that the vector is not a good candidate and should not be
considered.
The flow diagram 140, FIG. 10, describes how the vector goodT is
established for each block of time-domain symbols x (x,-xy.,) obtained, step
142. In step 144, the time index, |, is set to zero. In step 146 it is determined if
30 |x | s|T-A], where x; is the jth component of the time-domain symbol block x.
If it is, indicating that none of the perturbation vectors will cause |x] to exceed
the threshold, the system proceeds to step 148. In étep 148, the time index, j,
is incremented to the next time sample and in step 150 it is determined if j>N-1.
If it is, this indicates that all of the symbols in block x have been considered. In
35 step 152, from the vector goodT the “good” vectors, or some subset thereof, are
used to produce the blocks of modified symbols z, which are provided to
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30 nethods apply to the follow ng unused frequency bins: the DC bin; the
DC and .wol\?é%két bins; the Nyquist bin; and the DC, Nyqui feraisholthgho
bi ns. Typically during a training sequence, the transmtter wll
determ ne which of the frequency bins will be the unused bins. Then,

usi ng ongniketfRedurRmizyi mn%nurban@hea@mobesiz R, qoat §5 66k Rds adele

db h t.ur bat d
L
modi f i ed goedots farm blkooks mf onddiddtsymiials iz e@hen, the flow proogedsitostémct i on

gﬁ‘éisgﬁ gﬁé%é%gém trg%ﬂ H1b&€ o ng@?rtn%r IsZ{(‘?é bbtaiMbd h&f‘% &é@b‘lnﬁ'?éd R'Fa?ﬂsh I's
technﬁqu@%%@fm%m5¥%1% @‘éd@@ﬁ:?aﬁkﬁp stepuid@ed. Shl ft | ng

aount 1o equi B etefded A Bt ?Wé’e'c*%cs@gﬁ{aésﬁgﬁ?“rdoeﬁg i Sondi ng
fr equencyb Gﬂﬂﬁwww!;r'sﬂﬁ@%} Hgll ﬁ: =& Kitds, %?8 duced

by addi nggoodT bécorhas fgo@ﬂmeAND télﬂé[]]lpertlﬂaaexﬂ where tablteH][pBﬁtﬂ&fé)m mél on=
ALer T an nden ong.of the IR B BofiE B TuBb hiRkRolatil BORTEB. Y, |
The d6sulRIth@. VvERe indexsj iddicateitifines; elg., 0, 1...N-1, and pertindex1, calculated

as described below, indicates which of the set of N/2+1 vectors corresponding

to time index j the vector is to be chosen. A value for pertindex1 is calculated by

first determining a value for maxp as follows:

15 maxp= T-x; (15)

where maxp is the maximum allowable perturbation at time j. Then, pertindex1
is calculated as follows:

20 pertindex1i= ceil {—ZJ—V— cos™ [g(max p)]} (16)

T

where the inverse cosine may be determined by using a stored lookup table
and “ceil” corresponds to rounding up to the nearest integer. Pertindex1 could
also alternatively be determined from maxp directly using a stored lookup table.

25  After goodT has been set in step 156, the time index j is incremented in step
148 and flow proceeds as described above.

If in step 154 it is determined that {x-T]| is not less than or equal to A,
then in step 158 it is determined if | x+T| is less than or equal to A. If itis, then
in step 160 the vector goodT becomes goodT AND table[jj[pertindex2), where

30 table[j][pertindex2] is an index to one of the 2(N-2)+1 point vectors in three
dimensional table 130, FIG. 9. The index j indicates time, e.g., 0, 1...N-1, and
pertindex2, calculated as described below, indicates which of the set of N/2+1
vectors corresponding to time index j the vector is to be chosen. A value for
pertindex2 is calculated by first determining a value for minp as follows:

35

minp= -T-x(j) (17)
18



DC and Nyqui st Bins 15 This techni que can be used when the DC and

Nyqui st bi'nsvawssgspused. Shifting the even synbols of z, Hyr/Use9/07840ue
and shifting the odd synbols of z, by another value is equivalent to
changi ng the values of both the DC and Nyqui st frequency conponents of
correspondi ng frequency-domain vector Zerr]. The even synbols are
defined agy rﬁf?xESﬂQ 58 mibhich é]fowmewaﬁoﬁ o tiffel e, etfind@y2is and
t he odd sy ol s fined as any conponent [err] vector z for

whi ch i tﬁ§ QWSHomai n peak of [err] is reduced by adding to the
odd synbols of [err]: Qdd perturbation= - ([err] )

(4) 2 25 and adding to the even

nbol f Mat 5
\?\%erg gag[eLrG]rand ReTHedex2F &?lé\{?’;é Lk |on) fn[renrjm val ues 01g d&)e odd
er and

synbol s of tinme-domain vector [err] @nd min[err] are the

maxi mum and m ni mum val ues of the even synbol s of time-domain vector
[err] The resulting 30 vector is denoted [err]’ quui st bin
12 where the inverse cosine may be determined by using a stored lookup table

and “ceil” corresponds to rounding up to the nearest integer. Pertindex2 could
also alternatively be determined from minp directly by using a stored lookup

10 table. After goodT has been set in step 160, the time index j is incremented in
step 148 and flow proceeds as described above.

If in step 158 it is determined that | x+T| is not less than or equal to A,
then in step 162 each of the 2(N-2)+1 components of goodT is set to zero,
[0,0,...,0], indicating that none of the perturbation vectors can sufficiently

15 reduce the peak. Then, the system loops back to step 142 where the next
block of time-domain symbols x is obtained. Or, the threshoid, T, may be
raised and the system may restart at step 144.

After all x; values in each block of time-domain symbols x have been

considered, the vector goodT is evaluated. A one in any component of that

20  vector indicates that the corresponding vector in the set of vectors 120, FIG. 8,
is a good candidate for a perturbation vector. Then, there are several options.
The first involves choosing any one of the good vectors, adding it to the present
block of symbois x to form a block of modified symbols and providing the block
of modified symbols to the unused frequency bin perturbation device. Another

25 option involves adding each of the good vectors to the present block of symbois
x to form blocks of modified symbols and providing the blocks of modified
symbols to the unused frequency bin perturbation device. Yet another option
involves adding some specified humber of the good vectors to the present biock
of symbols x to form blocks of modified symbols and providing the blocks of

30 modified symbols to the unused frequency bin perturbation device.

The first option reduces complexity but also reduces performance to a
certain degree. With the second option and an appropriately chosen threshold,
T, performance loss should be minimal, but complexity reduction is not as
significant as option 1. With option 3, the balance between performance and

35 complexity reduction falls between options 1 and 2.

19



In sonme systens, energy can not be transmtted on the DC frequency
because the woasgsqatmer in the transmitter is DC bl ocking. A FuTussn7dIc
| evel prior to the DACin the transnmtter can still be beneficial to

avoid clipping at the DAC, however, this level is then "filtered out"
through the tralkshoulbbe roted thatitable 13@ RIG 9, mustdetmadifiedritalithel,BAR at

poi nts beygafndiéqddla b 6nsr&ﬁn9@f¥m tasreemoeafevaé!gdrﬂbeaosenaﬁ ef fective.

ovel™ot 1 Yo ouliviie fst OpHEn ST, My . the BaxFuim oF 4l GeiMee- o o e
CCe)?Irﬂ i Crrﬁlge'ﬂnziélltw ?@EPmach tl)as%_ ﬁonstéﬂat‘ ioh ig éﬁpmtﬂad masldub‘l?bo'rabibmﬂ wﬂlgf
benot e % hi BTBEHER ¥ pxapiat iy BEhred Bn BEHRLE oF W aBfhed ARRGE

tine synbolrsother wcxrdszeamddy,als(l) where 1=0,1,2, ..., N/2 ax@ determined esing this

(6) %F x and mn are the maxwrumand m ni nrum val ues of u.
The odd sy s of these shifted synbols are again nultiplied by -1.
The resulting vector is denoted [err] DC, Nyqui st and N4 bins 20

I'f the transm t{pthd SecdriPopidn,48bRO1INE Jbreratefiuesiiningi tAat the kAddseon to
10  constellation is expanded modulo-M, and that different values of M, are
possible for different frequency bins k. This implies that the time sample values
of the valid perturbation vectors can take on more than N/2+1 values. Let
maxval and minval denote the maximum and minimum values that the
components of the valid perturbation vectors take on. Equivalently, maxval
15  will be equal to

maxval=2 x m’?x-y—*- 17)

N

and minval= -maxval. Then define vals(l) as the values minval to maxval

20 spaced by a desired granularity, where | goes from O to L, where L =
(maxval+minval)/granularity +1. Note the first dimension of the table now has
L+1 entries instead of N/2+1. Therefore, the table size may be larger.
Pertindex1 is now calculated as Pertindex1 = floor( (maxp — minval)/granularity)
where floor corresponds to rounding down to the nearest integer and

25 Pertindex2 is calculated as Pertindex2 = ceil{(minp-minval)/granularity) where
ceil corresponds to rounding up to the nearest integer. The rest of the table
generation and the use of the table is the same.

Receiver

30 In FIG. 11 there is shown a schematic block diagram of receiver 19
depicted in FIGS. 1A and 1B. The modified symbols y, after going through the
channel, are received as symbols w at receiver 18. Receiver 19 includes a
serial to parallel converter 170 which receives the time-domain symbols w in
serial form and converts them to blocks of received time-domain symbols w, w,-

35  wy,. The blocks of received time-domain symbols w, w,-w,,,, are provided to
Discrete Fourier Transform device 172 which converts the time domain symbols
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the DC and Nyqui st frequency bins, then every fourth synbol [err] (n nod
4ferr]k, foWO99/536ach k=0, 1,2, 3) can be nodified i ndependent PGT/USHHEEIL
[err] etc. of vector [err] are shifted by k=0 pertubation=

ot (L1 antupipobf by RS o Ry B S, SRR s o
etc. of veebeNeﬁéredugm—dﬁthéhm/mbols W, WD-.WN_,_ate:nrqyiﬁe_ththtequency( [err])
(2),) or URER SASERDoBDRerT GG BT BB REy RSB L SRR,
vector z, ¥t thalkansmifted modified frequency domain symbols’Y, Y,-Yy}.cand scalgs
(s PSS smbcls WM, 1 produss symicle Y Yoy icn
e e The qithuging e Senstritad sVmbotg Sap-De hA b oStast e Farspigg
shifted symiyls are provided to inverse signal mapper 176 which coniérts the
estimates of the transmitted modified frequency domain symbols Y’, Y'¢-Y'y
into output bits 178 corresponding to the input bits provided to transmitters 10
10 and 10’ of FIGS. 1A and 1B, respectively. :
Inverse signal mapper 176 is designed to detect equivalence classes
(not individual constellation points or symboils) or it is said to operate modulo
equivalence classes. The symbols Y’, Y',-Y',.,, correspond to estimates of the
frequency-domain points selected from e.g., expanded constellation 20, FIG. 2,
15 however, they may not be equal to those constellation points due to noise on
the channel. Thus, inverse signal mapper 176 must account for this channe!
noise when inverse mapping the symbols to output bits 178. For example, the
inverse signal mapper may first map each of the symbols Y’',-Y'y, o the
nearest point in the expanded constellation and then map this expanded
20 constellation point to the equivalent point in the base constellation. Other
possible implementations of the inverse signal mapperi will be clear to those
skilled in the art.

Alternative Perturbation Selectors
25 In alternative perturbation selector 16a, Fig 12, the modulo-M,
perturbation is applied to the input symbols b times. The number of times that
the modulo-M, perturbation should be applied will be dependent on block size N
and desired system complexity. Each iteration (i.e. each time the modulo-M,
perturbation is applied), the peak of the time domain symbol is reduced. The
30 reduction will decrease to zero after several iterations.

Perturbation selector 16a is provided time-domain symbol x (Xg-Xy..). In
the jth iteration, modulo-M, perturbation device 180 receives time domain
symbol x,,, where x, = x. Modulo-M, perturbation device modifies the block of
time-domain symbols x; by adding to it all valid perturbation vectors v,, forming

35  modified blocks z;,. Modified symbols selection device 182 chooses the
modified block z;; that has minimum peak value and outputs this to the next




k=3 pertubation= - ([err]) (10)

2 whew® 9983662 n and nax are the mini mum and nmaxi num of BEWAISHY0T840 r ]|
of vector [err] such that n nod 4 = 3. The above approaches
are now di scussed in the frequency-domain. 5 The frequency-donmain vectors

[err] ar tagfimodede-My RerBbetion deyipe 18 Owherqxbeovaird pertunbiation vesiefsder
usi ng onkye BRAdeB%ofitt equency bin. [err]' is equal to [err] nodified by

o i ng.. = in,the f - domai n ¢

constant vect SEBAIOY selegorrle AiY 4308 AR o BRI a Rl SRk o e
si gnal , WBaclTHeenlytdiffefeneetis that before beingrpasseditoubeifinst stagelrgdelach o

LT SO hion Haie 40 ThaABAS i s p7Rlta RTH selHEdpor e

ti me- domBimpegtration device 190 which chooses the unusqdviirgpeney Pin- nin([err]))
(11) 15 pertur¥difsis [iriiizeihe pek VAlie B, @ﬁerﬁmeénay Hb‘tﬁéldﬁﬁiseii the

;I ggr fj? %%@@cmﬁ%ﬁér%oaﬂf-mave& f%ﬁ%ﬁ@%ﬂﬁ% n%{] aaqmﬁ Wil o r] e
nodi f i ed allpwaherpdakevaludlte belredGeéd muretduic mytiwthafrbt@awslrwgeé)l n Zferr] in
to- b0 aa HAPNETT 4 FRiole S8 15 2 sty Mrdyi iRk Vel ey sbvifistages o, [ thic
DC i wtirewoids-dfter ajsuffidient nursberef stages perturthatioroSelectohtbat h
time- dompi, SydHifle 4 SyMBol With lower peak value than perturbation Selector 16b.
A number of alternative perturbation selectors are shown in FIGS. 15-18.
These alternative perturbation selectors apply several iterations of perturbations
15 derived from a reduced complexity perturbation vector search which is
ilustrated in fiow diagram 200, FIG 14. The operation of flow diagram 200,
steps 202-220, is essentially the same as that of flow diagram 140, FIG. 10,
and is therefore not described again. At a given iteration, if the reduced
complexity perturbation search achieves its threshold T, the threshold T is
20 reduced. If the threshold is not achieved, the threshold is raised. If the
number of iterations allocated, numloops, have not been completed, the
reduced complexity perturbation search is applied to the modified symbols and
another perturbation is determined. The thresholds T and the number of
iterations,numloops, are system dependent. Note that the amount that T is
25 raised or lowered does not have to be the same at each iteration.
The operation of one alternative perturbation selector is illustrated in flow
diagram 230, FIG. 15. In step 232, the next blocks of time-domain symbols x
and an initial threshold T are obtained and in step 234 an index k is initialized to
zero. In step 236, using the symbol x and threshold T the reduced complexity
30 perturbation search (flow diagram 200, FIG. 14) which determines a set of
“good” perturbation vectors, described by goodT, is performed. In step 238 if
goodT is non-zero, then in step 240 any one of the “good” vectors, denoted v,
is chosen and used to modify x, i.e. x = x + v. Typically, the first good vector is
chosen first, i.e. the perturbation vector corresponding to the first “one” in the
35 vector goodT. In step 242 the threshoid T is lowered and in step 244 the index
k is incremented. It is then determined in step 246 if k < numloops. If it is then
the reduced complexity perturbation search is performed again with the
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25 + ( Verr] + (-1)[err])/ [err]. Since V[err] and V[err] can be chosen

arbitrari lwoepises2f r eedom

(12) 30
14

m n[err]

ti me- don&PiP:

not be ug4d, ltisitherhdetymined irbstep 246.itds Idebermined éihk kerurhloops and flow

5

10

15

20

25

30

35

continues as described above.

The operation of another alternative perturbation selector is illustrated in
flow diagram 260, steps 262-280. The operation of flow diagram 260 is
essentially the same as that of flow diagram 230, FIG. 15 and only differs in the
following way. If in step 268 it is determined that goodT is not non-zero, the
threshold T is raised in step 280, but the index k is not incremented. Instead,
flow proceeds to step 266 where the reduced complexity perturbation search is
performed without incrementing the index k. In this implementation the time-
domain symbol's peak value is always reduced numioops times. This may lead
to a lower peak value.

The operation of two additional alternative perturbation selectors are
illustrated in flow diagram 290, FIG. 17, steps 292-312 and flow diagram 320,
FIG. 18, steps 322-342. The operation of these perturbation selectors is similar
to the operation of the selectors of FIGS. 15 and 16, respectively. The only
difference is that the input time-domain symbols x, prior to being used in the
reduced complexity perturbation search (step 298, FIG. 17 and step 328, FIG.
18) for the first time, are modified by performing an unused frequency bin
perturbation (step 294, FIG. 17 and step 324, FIG. 18) which uses the unused
frequency bin perturbations to reduce the peak value of x. Then a reduced
complexity perturbation search is performed on the modified symbol.

It should be noted that this invention may be embodied in software
and/or firmware, which may be stored on a computer useable medium, such as
a computer disk or memory chip. The invention may also take the form of a
computer data signal embodied in a carrier wave, such as when the invention is
embodied in software/firmware, which is electrically transmitted, for example,
over the internet.

The present invention may be embodied in other specific forms without
departing from the spirit or essential characteristics. The described
embodiments are to be considered in all respects only as illustrative and not
restrictive. The scope of the invention is, therefore, indicated by the appended
claims rather than by the foregoing description. All changes, which come within
the meaning and range within the equivalency of the claims, are to be
embraced within their scope.
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shoul d be equal to [err] nodified by Z[err] as described bel ow

1. Deterni ngodamsskgacation, |, of the peak (I =arg max[err] ([ ®CTiusesofssd he
time- 10 dommin synbol [err]) Denote the peak val ue by p=z, and its sign
by s(s=1 if p>0, s=-1if p <0); and . Let Z N/2 =

(-1)1[err] * (p-s*maxmaxn[err](-S*zn), max[err](1+1)rm “mﬂm
(14) 15 OC, WradisSélafnéd N:4 bi ns mm \m and
N 4 bins can all be used to reduce PAR ihe 20 corres kngr  ®

frequency-domain perturbation of 0, N2 4 can be det er mi ned
following the idea used to deternmne DC and Nyquist bin algorithm

descri ped ,abov Al.ternativ arc he search
ot hodS deder b axsAvRMIE SFlraSmitiRt dh T Biths qves ahannel KR ngar
2(N-2) +1 peceiveha device éart improving a definedyutoperty/of transforbratdomain devi ce
60 to det % PAR or nost inproves the defined
property %&Hﬁw}g %ggﬁormg I'n él gnal . Described bel ow, there are two
alternative sed 8lgNALIEPRET whieh mansthe input detqoné&blqcksfoftsymmma f or

the Ripst dBrRain; Whéféﬁntéﬁc%f borsqs%ﬁeis,eﬁm%rﬁra bRsd chRSBRAtRS, t he
defi ned 30 roperty of the trans omai n signal., G her, search t hods
wi l | ontajped ik AN PPadedcansteliation having expansion symbol swmw%en rst

met hod | |dt Isdstaionte bﬂtHé wmﬂb&qmﬁe%seﬁidﬁstéllaﬁdﬁﬁhmbné|o@¢hore or
;’ﬁgt or X chorrtes”%ngmg expa srlrctz)r? s?mbsé!sObeta%'l'\rbase §§rre\gol9and ]is TP respongfnlée For
expansion symbols defining an equivalence class of symbols which represent
the same data to the receiver; and
15 a perturbation transform device, responsive to the blocks of symbols,
which produces for each block of symbols in the first domain a block of
perturbed transform-domain symbols in order to improve a defined property of
the transform-domain symbois; wherein each symbol in the block of perturbed
transform-domain symbols, in the first domain, is in the same equivalence

20 class as each corresponding symbol in the block of symbols.
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synbols [err] N1, peak(x), in time-domain synbol vector x is determ ned

and the 35W0p9@€6li6&2| me sanple location, |, is also determ nedPCIVe$pI91840
Then, a limted set of all nonzero 2(N-2) perturbation vectors v, is
established. That set of vectors, v,', i ncl udes each of the N-2
perturbation vectors corresponding to HE&, +j MK. The
15 remai ni ng vectors N-2 perturbation vectors are sinply
negatives of these N2 perturbation vectors [err] ' e vector [err]=
X correspondi ng toothe re urbation is popvi dﬁ tjo t he ed
frequency bin pertqrba ign| devi ce , FIG 4, T\h s ea 96 and i tep 98
| becones j+1. The g ylerr]’ HNq conpared to X rﬁ% ift is de m ned
if the sign of the vecldF y,' at location | is equal t¢ #hd sign of
the peak(x), step 100. Lf it is, thgn at step 102 that yector is subjfracted
from X, thereby forng zi is provided to unuged frequ bi n
perturbation devi f& o, FIG In step 104, | begomey | +1 asafyn step
106 i becones i+1. In g step 1 it is determned i a:jls gr eat t han
N-2. If it is, this indigajes all 2 10 nonzero vect rz and thghall zero
vector) have been cons|dsré¢d and (%W proceeds to sgep 1 10 h(e i
and | are set to zero an hen the next bl ock or r x of
ti me-domain synbols is obt ai ned. If in step 100 |t i s determ ned
t hat the signef—the—veetor—at—oeeation | is pet egral—te—t+he—sj gn of
the peak(x), then in stsep 112 it is deternined if the s&gn of 15 thle
vector v, at |aesatjpon. l is the opposite sign pfgthe signiof the peaki(x). If
it is, thén that vegtor i4 adddd to x in ep| 114, ¢thereby forni ng zj
whi ch is prov 3gg_4 o qi\_ o
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to unused frequency bin perturbation device 62, FIG 4. In step 104 |
becones j+1 and in step 106 i becones i+1. And, as descJ4 ve, in
step 108 W?Jés 662  deternmined if i is greater than N 2. If(iﬁlgﬁgy,g%?%os

indicates all N-2 nonzero vectors 20
considered and fl ow proceeds to step
t hen the next block or vector x of ti
in step 112 it
| is not the opposite sign as the sig
noves to step106-where 4 -hecone
above. | Thereforigy wi

thgth
perturbation vectors nustfhe Quse

JlF

is determ ned that the si

5~ |- =+

(and the all zero vector) have been

%91 where i is reset to zero and
-éomai n synbols is obtained. If
%of vector v[err]at | ocati on

W he peak (x), then the system

-+ -and-floew-proceeds as described 25

is search nethod |l ess than half of the

tonpared to the nmethod descri bed

above with regard to FIG| 6 Anofher alternative seaarch nethod is
depi ct edzi n FIGS. 8-10., Thiis, method successively rdduces the search 30
space by4€liniinating p&k rltﬁsi oh Q/ectors whi ch dolnot sufficiently reduce
the peak &t edch tine sanplle. i As shown lin 8, we establish
and store enory a set| 120, FJG 9] _ _  of pertigtdation vectors. The
set includes 2(N-2)+1gi ne-jgpmal h perjurpati ong I vectors if we. allow one
real or inaginar® conpdhent oo,ﬁkfr pqueflcy bi® td be 35 perturbed by
+/-M and incllude the all Zerp*pe UT‘TH‘[‘PJ)n vector.l The vectors each
i ncl ude N conponents @(r)rres ndi hgyt O th? nurrbﬁr oft time synbol s. Each
conponent in tthefevect Ore mapf)i)e 'g%.?;en ed as e[ erlr], where i indicates
t he :. _______ | 16
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vector and j is the conponent in the vector. If all the M are the sane,

each vonpmiesrt of the vectors takes on one of N 2+1 posSRCDHUSINIBAeS
from-2Merr] to 2Merr]N. These values are ordered fromsnallest to
| argest and are referred to as vals(l), where 1=0,1,2..., N2. 5

Then, a three-dinensional table 130, FB59, is generated and stored.
The tinme index, j (j=0 through N-1), is the first dinension in the table

and I =0 through V2 is t second dinmension in the table. The third
di mension is a set of vect®rs one corresponding to each tinme index |j
and each of the N2+1 |'s, where the ith conponent of the

correspondi ng 2(N-2)+1 poi nt tor isaoneif 10 vij in set 120 is
greater than vals(Il). CIhervvi\s,%the val ue of the ith conponent of the
2(N-2)+1 point vector is a zerlQ: This three dinmensional table is used in

t he perturbation vector searc gorithm described bel ow

First a threshold, T, is defi whi ch is the maxi mrum al | owabl e peak

after the nodul o ‘berturb tiont Since the ‘unused frequency bin
perturbation 15 gjdevj ce fulfflher reduces the peak, this is not necessarily
t he maxi num al | BT speak of the system The threshold, T, is system
dependent dnd 1S [chosen 10 e sone value to which it is desired to
reduce the |{peak. }Anot her vallue, B, which is t he maxi num perturbati on,
is set equgl to 2M [ere]N. (Wthia +/-M perturbation in one real or .
i magi nary qonponent pf one filrequency bin, this is the |argest

perturbatiqgn in fine. in sappl e generated. Then, a vector odT is
defined. This vector initialJy hps each of its 2(N-2)+1 conponents set to
one, [([1, 1, .} .. &n8he cprpopents correspond to the 2(N-2).-ls
perturbatiqgn xec orggﬁl‘g t he] set of vectors 120, FIG 8, {rsaa one

i ndi cat es tjhak tlhe %@Epon i ng vector is a "good" vect nd shoul d
be consi derjed ~af r &fty PAR, hhile a 25 zero indicates th he vector

is not a gﬁod capdi date and phouj d not be
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consi der ed. The flow diagram 140, FIG 10, describes how t he
vector goodT is establ i shed for each bl ock of tine-domain synbals x

( X[ er r] XN- YO@BIsa66aed, step 142. In step 144, the tinme i?@'@&/é,sw']/o,"s‘f“s
set to zero. In step 146 it is determned if 30 [err], where x[err] is
the jth conponent of the tinme-domain syg)zé bl ock x. If it is,

i ndi cating that none of the perturbatio ctors will cause [err] to exceed
the threshold, the system proceeds to step 148. In step 148, the tine

i ndex, |, is incremented to the next tine sanple and in step 150 it is
determned if j>N1. If it is, this indicates that all of the synbols
in bl ock x have been considered. In 3 S?}\ﬁ? 52, fromthe vector goodT the
"good" vectors, or sone subset thereof used to produce the bl ocks

of nodified syrrbol s z, Whj 72
17 unused frequency bin pertw bat| on/device 62, FIG 4. That
is, block x is added to each tor that is a good

candi date, as indicated by vector OBTAINJCNEQT Bliogk flor m bl ocks of nodified
synbol s z[err] . Then, the flow pjfocgredIMt DOMAEY 142 where the next
bl ock of synbols x is obtpined. I{ it SeMBbeSexmingd that j is 5 not

greater than N1 in step %50, flogy.l
it is determned in step [l46 that [err]

[err] T-Al, then in step 154 it is de erm’nedif [err] A If it is,
then in step 156 the vectpr (oJoJo R S g0 NAND
table[err]][pertindexl], y\,heretale[ ﬁln exly is
Ptl 74
VECTORV TO
FORM MODIF IED
VECTOR z;

l

PROVIDE z T0 | \

UNUSED FREQUENCY 76
BIN PERTURBATION
DEVICE

i=i+ 78

78
NO

YES f 82
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an index to one of the 2(N-2)+1 point vectors in three dinensional table
130, 10 FIwo99s3éene i ndex j indicates tinme, e.g., 0, 1...N lpcrnsg99/07840

perti ndexl, cal cul ated as descri bed bel ow, indicates which of the set
of N 2+1 vectors correspondi ng totime index j the vector is to be
chosen. A value for pertindexl is calcul@éd by first determning a
val ue for maxp as foll Qs maxp= T-Xj

(15) where maxp s STABT mhxi mum al | owabl e perturbation at tine j.

Then, pertindexl i sTTarTul ated as fol |l ows: 20

pertindexl = ceil { [err] 165 where—t-he—-nverseqCcosi ne
may be determ ned }

table. 25 After g¢o in step 156, the time index j is
increnented in ste ow proceeds as descri bed above.

If in step 154 it at [err] is not less than or equal [to A
then in step 158 it is detgrmned if is less than or equal to A |If
it is, then 4 or goodT becones goodT AND

tabl e[ err][perti hogpqZRMINENEEAR ANRd! e[ ] ][ pertindex2] is an index tq one

Y
. o storeg kup tabl e and "ceil"
corresponds to rou ddg} Ewreare ; i nteger. Pertindexl could
al so alternatively bﬁﬁ%ﬁ nom p directly using a stored | qokup
et
2 and fl

of the 2(N-2)+1 poj GTATYON § QFS PEAK (kY ¢ di nensi onal table 130, FIG 9.
The index j indigates tinme, e.q.. 0, J1... N1, and pertingg
cal cul ated as described belfow, indicates which of the set of NIZT%\
vectors corresponding to tigne i ndex-7the vector is to be chosen{ A.valu
for pertindex TS carcurated qy fi 86t determining a val ue qur r{l:gp gs
fol | ows: PROVIDE zj=x TO =
UNUSED FREQUENCY
BIN DEVICE
\ .~ 98
j=j#! =
- 102
100 f 104
SIoN (o g
STON (é;;\ik)(;)) i PROVIE 7 || e
9 TO UNUSED FREQ )
BIN DEVICE
NO
112
DOES
SIGN (v'))= NO
—SIGN (?PEAK(x)
YES /114
Z = X+
PROVIDE zj TO UNUSED
FREQUENCY "BIN DEVICE
2

FIG. 7



35 m np= -T-x(j)

(17) where minp is the mnimum al | owabl e pert i tinme
j. Then, POIVRELSX2 is cal cul ated as follows: 5 HETRSbshed
pertindex2= ceil {[err] (18) where the inverse cosine
may be determ ned by using a stored Iogégp tabl e and "ceil"
corresponds to rounding up to the near i nteger. Pertindex2 could

also alternatively be determned frommnp directly by using a stored

| ookup 10 table. After goodT has been set in step 160, the tine index j is
increnented in step 148 and fl ow proceeds as descri bed above.

If in step 158 it is determned that [err] is not |less than or equal to A
then in step 162 each of the 2(N-2)+1 conponents of goodT is set to zero,
[0,0,...,0], indicating that none of the perturbation vé€@ors can

sufficiently 15 reduce the pHak. Theh, the syd0Mm | oops back to step 142
where t he next °

Y2N-2)0 o o o  Y2(N-2), N-1

o
_—

TIME

FIG. &
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I___O:I 0| E s o o i
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bl ock of tinme-domain synbols x is obtained. O, the threshold, T, nmay be
rai sed and whaogy&hbem may restart at step 144. Af petrrusbd/rsao
val ues in each bl ock of tinme-domain synbols x have been consi der ed,
the vector goodT is evaluated. A one in any conponent of that 20 vector

i ndi cates that the correspondi ng vector 7Zf& he set of vectors 120, FIG 8,
is a good candidate for a perturbation vector. Then, there are several
options. The first involves choosing any one of the good vectors,
adding it to the present bl ock of synbols x to forma bl ock of
nodi fi ed synbol s and prowiding the bl ock of nodified synbols to the
unused frequency bin rgﬂw?a i on device. Another 25 option involves
addi ng each of the go vec s to the preserd rCh

form bl ocks of nodified s
synbols to the unused fred oF:
i nvol ves addi ng sone speC|f|ed nunber of the he present

bl ock of synmbols x ta form bl ocks of R 4 and providing
the bl ocks of 30 {nodified synbols t he uhs . bin perturbation
devi ce. OBTfIAéNfNEXit Ki bn rieppuces corrpl eX|ty but al|so reduces
performance to a OF JdME NOMAdMgre. 'Wth the second option dnd an
appropriately chogen t BYMBOAS| ¥, T, performance | oss shoulld be n ni nal
but conplexity red significant as optionjl. Wth
option 3, the bal ance bet /QL@g@ce and 35 conplexity neduction

inot her option

falls between options 1 afd 2 YES
19 .
IS
- R < pi
?
> j=j+
y 148

156
L

600DT=600DT QNAND
TABLE (j) [PERTINDEX1]

Y

160

L

G00DT=GO0DT @
TABLE (j) [PERTINDEX2]

6000T=(0,0 ...,0)




It should be noted that table 130, FIG 9, nust be nodified if all the M's
are not equal . 'Two options for nodifying table 130 are descr

In the fi ??'P%fﬁ"?%n define Memaxk M, i.e. the nmaxi mum of aH}?ﬂ'ﬁQ& \Ag
Then assune each base constellation is expanded nodul o-M Table 130 will 5
remain the sanme except that it wll /E sed on the value of M defined
above. In other words, A and valg% ? where I =0,1,2, ..., N12 are
determ ned using this val ue of M In the second option
table 130 is generated assum ng that the kth base 10 constellation is
expanded nodul o- Mk and that different values of M are possi bl e for
different frequency bins k. This inplies that the tine sanple val ues

of the valid perturbation vectors can take on nore than N 2+1 val ues. Let
maxval and minval denote the maxi mum and mini mum val ues that the
conmponents of the valid pert on. Equivalently, maxval
15 wll be equal to 0 maxval = P x max [err]

(17) and mnval = -ma val.tihg_ efine val s(]) as the val ues m nval
to maxval 20 spaced by a desired gramdl arity, whefe | goes fromO to L,
where L = (maxval +m nval )/ gfanularity +1} Notk the first dinension of
t he tabl e now has L+1 entrigs ingtead of| N2+[l. Therefore, the table
size may be | arger. Pertundexl i ;ﬁHM/ca cul afed as Pertindexl =
floor( (maxp - mnval)/granyl tiy) ;3 e fl opr corresponds to
roundi ng down to the nearest \QTTger’and=§5 ﬁertinjexz is calculated as
Pertindex2 = ceil ((m np-m nyal ranularity) ere ceil corresponds to
roundi ng up to the nearest integer\ e restdof the table
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generation and the use of the table is the sane. Recei ver 30

In FIG 1iwchewsséés shown a schematic bl ock di agram of recei veCT/1899/07840
depicted in FIGS. 1A and 1 B. The nodified synbols y, after going through
t he channel, are received as synbols w at receiver 19. Receiver 19

i ncl udes a serial to parallel con@dbter 170 which receives the

ti me-domain synbols win serial formard converts themto bl ocks of
recei ved tine-domain symbols w, Wrrk 35 W& 1. The bl ocks of received
time-domain synbols w, werr], ard prlovided ko Di screte Fourier
Transform device 172 whi ¢h convert|s tlhe tine| domal njsynbol s

20 into bl ocks of recqived ¥Y®quency-dofai n synbols W
Werr]-WN1-. The bl ocks of recery ency- domai n synbols W
WO-WA-1. are provided to Freqqg qy & i b equalli zer device 174 which
takes into account the efiffect @ f |t haxd@d of the transmtted
nodi fi ed frequency donai syrrb&\c Y, 8 xd scales 5 the

recei ved synbols W WO W\ err] pr /npols Y|, Y [err]7Y N-1 which
are estimates of the transnltteqzzknbols Y,Y[enr][err] YN.I1. The
estimates of the transm ft ed | provi ded to inverse signal
mapper 176 which convertg the eggkgytes bf thejtransmtted nodified
frequency domain synbols|Y[erry bhikput put bits 178 corresponding to
the input bits provided tlo tra&%nlttéPsgﬁg 10} and 10' of FIGS. 1A and 1B
respectively. \ 2 28
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| nverse signa

(not indi d%ﬁg

nodul o eqU|vaIence
to estimates of the

mapper

cl asses.

Yl

176 is designed to detect equival ence classes
onstel lation points or symbols) or it is Sgicdrisheferapat e
The synbols Y',

[err]Y' N1, correspond

frequency-donain-points selected frome.g.,
expanded constellation 20, FIG 2,
t hose constellation points due tqg_noise on

15 however,

-—

176 must account fé? fhi s chafnel

to

H@y may not be equal
/Ehannel . Thus, inverse

si gnal mapper noi se when inverse
mappi ng the synbols to output bitls Wwa**Bordexanpl e, the i nverse
signal mapper may first Jmap each-e+—he—sy I's Y'ierr]-Y'N—l to the
nearest point in the expande ccnsﬁskbgiupn nd th¢n map this expanded 20
constellation point to the e ivaldﬁﬁggpﬁht n thelbase constellation.

Q her possi bl e i nplfenent gt i on%géf&ﬂﬁ? versel|si gnal mapper wll be
clear to those ski ljl ed i n“tjhe &P Al teqnative Perturbation

Sel ectors 25 In alternative perkurbation sellector 16a, Fig 12, the
nodul o- MK perturbatjion is |npu5 synbols b tines. The
nunber of tines that t he rbati gn should be applied wll
be dependent on bl ock silze N § syst¢m conpl exity. Each
iteration (i.e. each tine the perturnbation is applied), the
peak of the tinme domain {synbol u;ya The 30 {reduction will decrease
to zero after several iterations Per tjur bati on sel ector 1 6a
is provided tinme-domain |synbol x In the jth iteration,
nodul o- Mk perturbation device 1&6 e véS| |ne donai n synbol
x[err],1, where x[err] 3 x. Mdl |'01 eor]gp rturbatji on device nodifies the

bl ock of ti me- donmai
perturbation vectors v[eg
synbol s sel ection device
has m ni mum peak val ue 9

/16b

rr],

n synbols x[er§] by adding
forming 36 nodified 4

toit all valid
| ocks z[err],. Mdified
fied block z[err] that
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21 _ st age nodul o- K perturbation device 180 where the valid
perturbati owogsswes v[err] are added to it. LN
selector 16b, Fig 13, is very simlar to perturbation Sel ectorpéfbg“%g*g{'@
The only difference is that before being passed to the first stage nodul o-
5 M perturbation device 180, the inpqhgﬁgnbol X 1s provided to unused

frequency . bi n perturbation device 190 whi ch chooses the unused
frequency bin perturbations to mnimze the peak val ue of x.
Otentines, applying the unused frequency bin perturbation device
prior to the nodul o-M perturbations wll all ow the peaggyval ue to be
reduced nore quickly in the first few stages. 10 However, it y also | ead
to a slightly higher peak val ue after several stages. I t her words,
after a sufficient nunber of stages perturbation Sel ector 16a may

produce a synbol with | ower peak val ue than perturbati o@iSel.eat or 16b.
A nunber of alternative perturbatign selectors are shovﬁi n@(ﬁ. 15-18.
These alternative perturbation seldctors apply several iter ons of
perturbations 15 derived froma regduced conplexity perturbd@wgon vect or
search which is i |lust&uted i fl ow di agram 200, FIG 1 he operation
of flow di agram 200, steps , Is essentially the me as that of
fl ow di agram 140, FIG 10, i sf therefore not described again. At a
given iteration, if the reduced =5 clonpl exity perturbation search
achieves its threshold T._the th d T is 20 reduced. If the threshold
is not achieved, the thyeshold i Ssled. If the nunber of 1terati ons

al | ocat ed, num oops, haye not bd | eted, the
[72]
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reduced conplexity perturbation search is applied to the nodified synbols

and awoObers3geer t urbation is deternmined. The threshol ds Pcauses/tmsao
nunber of iterations, num oops, are system dependent. Note that the
amount that T is 25 raised or |owered does not have to be the same at each
iteration. The operation of I84& al ternative perturbation
selector is illustrated in flow diagram 230, FIG 15. In step 232, the
next bl ocks of time-donmain synbols x and an initial threshold T are
obtained and in step 234 an index k is initialized to zero. In step

236, using the synbol x_and-threshold T the reduced conplexity 30
perturbatlon search (f ogﬁgkpg am 200, FIG 14) which determ nes a set of
Q

"good" perturbation ve gescri bed by goodT, is perforned In step 238

i f goodT is non-zero, then i 2§?ep 240 any one of the "good" vectors,
denoted v, i s chosen gnd usqa to nodify x, i.e. X = X + V. ngmgally,
the first good vect pr b noyen first, i.e. the perturbationfvector

corresponding to the N" itn the 35 vector god t he

kOliTSPUT rMODEREEDt ed. |t
i's SYMBOL Y=X the

threshold T is Iower L B 244 the index

is then deterni ned ?ﬂ Sfe12<numoops. If it
reduced conpl exity )erﬁﬁiﬂé 49& sgarch is performed ad
22 nodi it _ijs not, the nodified symnmbo
in step 248 to parallel L to serial converter 18, FIG 1A

=X 1 s output

Alternatively, if in step §38 %@z is not non- zero, the threshold T
is raised in step 250 ahd 1 ndéx is incremented in step 244, It is
then determned in step|2K80id is determned if k < num oops jand fl ow

v

PERFORM REDUCED
COMPLEXITY ] YES
PERTURBATION |
VECTOR SEARCH

N0 o4

IS
K<NU¥}OOPS

250 ( 044
| RAISE [
: K=K+
A
242
PICK ONE OF "GOOD"
PERTURBATION VECTORS V - LO‘{{ER
LET X=X+V
230
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5 continues as described above. The operation of another

al ternati vavpesisissbat i on selector is illustrated in f | owpdT/Ag9BOTSAGO,
steps 262-280. The operation of flow diagram 260 is essentially the
same as that of flow diagram 230, FIG 15 and only differs in the
following way. If in step 268 it is detdBfed that goodT is not non-zero,
the 10 threshold Tis raised in step 280, but the index k is not

i ncrenented. |nstead, fl ow proceeds to step 266 where the reduced
conpl exity perturbation search is performed w thout increnenting the
index k. In this inplenmentation the tine- domai n synbol's peak val ue
is always reduced num geps—ines. This may | ead to a | ower peak val ue.
15 The operati c additional alternative perturbation
selectors are il 2

=d i ngéés)w di agram 290, FIG 17, steps 292-312
and fl ow di agram 320, FI G . steps 322-342. The operation of these
perturbation selectors is¥siml to the operation of the sel gg8ors of

FI GS. 15 and 16, r4SpPQg iﬂeNfTTh only difference is that tfie input
ti me-domai n synbol &é f ¥ bei ng used in the 20 [reduced conplekity
perturbation search @%?ﬁn (g%m I 28, FI@YTPUT MODIBIED br t he
first time, are nodifl perfoym ng an unused freqiencSYMBOL Y=
perturbation (step EstIT'fAI.CfZElf ahd step 324, FIG 18} —which—pses—th

unused frequency_hbin pert tions to reduce the peak vaJ ue of x. Then
a reduced conpl exity jperturbation search is perfornmed on|the nodified
synbol . 25 It shoul d be/No®@tl that this invention nmay be enbodied in
sof tware and/ or fijr re, which may be stored on a conpufer useable
medi um such as a c%ut er disk or nmenory chip. The inveption may al so
take the formof a computer d signal enbodied in a cafrier wave,
such as when the inventior] i's odied in software/fir N which is
el ectrically transrtted: E or—exh |l e, 30 over the Internet 276

The present invent ijdHERAERM REDUGHBOHI ed in ot her specific f out
departing fromthe spip?@ Pégﬂ'f%ﬁseﬁi al characteristi¥E Shed
enbodi nents are tojb n all respectg only as Ive and
olh EErOR ARG P Y °

(230 1274
| Razse L ert
T
A
270 272
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PERTURBATION VECTORS V - L°¥ER
LET X=X+V
260



restrictive. The scope of the invention is, therefore, indicated by the
appended 3¥O9¥F¥b%s rat her than by the foregoi ng descri pti onPCRUSI%TEMYesS,
whi ch come within t he neani ng and range within the equival ency of the
clains, are to be enbr aced mﬁthin.éﬁﬁ%r scope.

23 What is cl dis:

Clains 5 1. In atransmtter for transmtting data in blocks over a
channel to a receiver, a device for inproving a defined property of
transform domai n symhels, the device, conprising: a signa
mapper whi ch maps thata into blocks of synbols in a first
domai n; wherein each 0t e synpg%? is chosen froma base constellation 10
contai ned in an expandedjconste i on havi ng expansi on synbols, and
wherein at | east so¥e of fhe synbols in the base constell ati3l® have
one or nore borém@@rﬁgxﬁg tgpansi on synbol s; each base synffol and its

correspondi ng n yimbol s defining an equfjval ence cl ass jof
synbol s whi ch " epf (6%)0%% ésF ;Iggl_?sm OUTRYT: MO IEDS
a perturbation trlanstornydevi ce| responsive to the b} ocRMEOL ¥gkbol

A
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(312
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T
4
304
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whi ch produces for each block of synbols in the first domain a bl ock of
pert ur bedwo sgisfeer m domai n synbols in order to inprove a dePCHEISIPPTRICrty
of t he transform donai n synbols; wherein each synmbol in the block of
perturbed transform domai n synbols, in the first domain, is in the
sanme equi val ence 20 cl ass as each corre@bﬁdi ng synbol in the block of

synbol s.
START
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(57) Abstract

In a transmitter (10) for transmitting data in blocks over a channel to a receiver (19), a device for improving a defined property of
transform-domain symbols, the device, including: a signal mapper (12) which maps the input data into blocks of symbols in a first domain;
wherein each of the symbols is chosen from a base constellation contained in an expanded constellation having expansion symbols, and
wherein at least some of the symbols in the base constellation have one or more corresponding expansion symbols; and a perturbation
transform device (14 and 16), responsive to the blocks of symbols, which produces for each block of symbols in the first domain a block
of perturbed transform—domain symbols in order to improve a defined property of the transform-domain symbols.
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