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Field-OF Invention 10 Thi s invention relates to a system devi<ce
and nethod for inproving a deRishid dPA Eﬁééﬁo f transform domain
signals, and nore particularly to a 9 evice and nethod for
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mul titone ( ) [ﬁq&als S often cited as a major disadvantage  of DMI
systens. Thi SF@ mexists in systens using other nodulation "'+ schenes
as well, such as in systens using orthogonal frequency division 20

mul ti pl exing (OFDM and ort hogonal quadrature anplitude nodul ation

(OQAM . A | arge PAR reqhieldOf invieatiom at i on of a hi gh-precision
digital -j@- This invention relates to a system, device and method for improving a

defined property of transform-domain signals, and more particularly to a
system, device and method for reducing the peak-to-average energy ratio
(PAR) of time-domain signals.

15 Background Of Invention

The large time-domain peak-to-average energy ratio (PAR) of
discrete multitone (DMT) signals is often cited as a major disadvanfage
of DMT systems. This problem exists in systems using other modulation
schemes as well, such as in systems using orthogonal frequency division

20 multiplexing (OFDM) and orthogonal quadrature amplitude modulation
(OQAM).

A large PAR requires implementation of a high-precision digital-to-
analog converter (DAC), or else requires the system to be tolerant of signal
distortion (clipping) introduced when input signals exceed the DAC range. For

25 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 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

30 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 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. 71997 Int.

35 Conf. Commun. (ICC’97), pp. 715-719, June 1897, 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. This technique reduces the signal-to-
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DMT- based trmﬁmwgwm have good PAR properties. See for example, S. Shepherd

15 J. Orriss, and S. Barton, "Asymptotic limits in peak envelope power reduction
by redundant coding in orthogonal frequency-division multiplex modulation,”
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 resuit in a data rate loss. Furthermore,

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

In the third class of schemes, PAR reduct:on is achieved via a

25 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 “most desirable" class
representative---in this case, a representative with small time-domain
peak value---chosen for transmission. In such schemes, the receiver

30 is designed to operate “modulo equivalence classes" producing the
data block associated with an equivalence class whenever it detects an
element of that 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

35 equivalence classes" in the DMT case is to have the receiver simply
ignore the contents of various frequency bins. See A. Gatherer and M. Polley, .
“Controliing clipping probability in DMT transmission,” Conf. Record 31
Asilomar Conf. On Sign. Sys. And Comp., Nov. 1997; A. Gatherer and M.

2



| EEE Trans. On Commun., vol. 44. 1234-1238, Cct. 1996, a pseudo-random
phase sequeM@9¥866}ded to the original DMI symbol. The nost &GHFPOLHE

dr awback wit hi s_cl ass echni gues_i s, that theatrapsm.tter rel ay
side 10 | nf%‘?‘i?% ?BFP%&&?G&O'L{\R;&FBH%E‘PH FF&B"@WBES’ Feuten Phnesal A58, |

addi ti on t o TechnicaldBroumGoatritationr EGL8-02S, Beb.od, 1988;caTelladoanddhMit h, i f
the side inf tu"-;g,[R' : {ﬁ-ﬁgﬁ ' ¥ P X

dest royed. Cloff 'ré%cetlosn e@gﬁgﬂ@ﬁg@? t(}) %gilro@} ct |r(r)‘§'_ tec rllwttdens@?

based -on det3BAtaTAE1.4 stanslasds commifiese Pesal 89 fober anyajyendata; Rlack,d4pe 1 of
SIS, SO e VBLee sttty e a1
frequency- di W%‘%FRS #EﬁPﬁﬁké@mﬁ)ﬁtﬁhﬁ%%?ﬁm'lépe%%m?‘é@*ﬂmaoﬁp‘eg n., vol.
46, pp. 5-10echalquetdfdur dlsigrdficaritidata rate losg sinvecddveralbing are notweed do
"bad" tine- d&ﬁnﬁ%&#ﬁ$ences fromthe set of possible transmtted

synbol s and t in a data rate loss. Furthernore, 20 these nethods
requi re mappi ng t Thedefore,tthetenexistsoa seedyfonalRAR Taductinptachnique whisher al | y

[ d, i | [ t abl
becones [Uror 3*!'@33?‘5?%“%%&?}?(“%3{ Sofplex feBuencioin§  DIAY modtdlon  1ab1 €
const el | at i odchemes to reduce PAR withput affecting thecdatagats. Therels alscraneed

reducti on isfégﬁycﬁvﬂédﬂrﬁq@e WhicH 8ah Beaip l%agaierémoeémemmaﬁm whi ch a

given data b can be | represent ed, of nunber. of possi bl e
transmtted SERPBES andde improve RIgR Q%‘P@Béﬂ'ﬁ%‘?,‘mﬁmh"{'ﬂ’é el
desirabl e" ctistransform-dempairssighal.i ve--in this case, a representative with

smal | tiﬂf-donain peak val ue-chosen for transm ssion. In such
schenes, "the receiver 30 is designed to operate "nodul o equival ence
cl asses" producing the data bl ock associated with an equival ence

cl ass whenever it detects an B\}ffgeghﬁﬁyﬁ gftﬁéﬂgp.amrff. In this way, the
t

. ) LY .
recelver requires _no kno e precilse 3, orithm use

. edge. of t. to
solect a class  FIG. 1ajsasshamatie biack diagram at a DMI ransraities FOPROWRS: ot o
" nodul o according to this invention;

20 FIG. 1B is a schematic block diagram of an alternative DMT transmitter
configuration according to this invention;
FIG. 2 is an expanded signal point constellation in accordance with this
invention; :
FIG. 3 is a schematic block diagram of a receiver configured according
25 to this invention;
FIG. 4 is a schematic block diagram of the offset coset representative
generator of FIGS. 1A and 1B;
FIG. 5 is a schematic block diagram of the perturbation device of FIG.
1A;
30 FIG. 6 is a schematic block diagram of the valid perturbation generator
in the perturbation device of FIG. 5;
FIG. 7 is a schematic block diagram of the perturbation selector in the
perturbation device of FIG. 5;
FIG. 8 is a schematic block diagram of the offset decoder of the
35 receiver of FIG. 3;
FIG. 9 is a schematic block diagram of an alternative, frame based
configuration of the offset coset representative generator of FIGS. 1A and 1B;
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t he transfor m doFi.M4isgmathematic block diagram of an alternative configuration of
the perturbation selector of FIG. 5 for use in a DSL spliterless application; and
FIG. 15 is an alternative, rotated expanded signal point constellation in
accordance with this invention.
15
Description of a Preferred Embodiment
The present invention is generally directed to a system and method for
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
20 understandable description of the invention we describe herein an actual
application of the invention to reduce the peak-to-average energy ratio (PAR)
of the time-domain signal (more generally referred to herein as the transform-
domain signal) in discrete multitone (DMT) modulation schemes. It will be
apparent to those skilled in the art that the invention is generally applicable to
25 other modulation schemes, such as orthogonal frequency division muitiplexing
(OFDM), and orthogonal quadrature amplitude modulation (OQAM). Moreover,
it will be apparent to those skilled in the art that the invention may be used to
improve other defined properties in the transform-domain signal in addition to
PAR. For example, it may also be used to shape the spectrum of the
30 transform-domain signal after it goes through a non-linearity, as for example in
the splitterless operation of a DSL system where it is desirable to reduce the
voiceband (0-4kHz) interference generated by the non-linearity in the plain old
telephone service (POTS) phone.
The transmitting scheme of the DMT system is based on blocks of N
35 symbols. Each symbol in a block corresponds to a different frequency bin.
Thus, each symbol block X consists of frequency domain symbols X-X,.,. In
asymmetrical digital subscriber line (ADSL) systems using DMT (assuming N
is even), there are no symbols transmitted in the zero (X,) and Nyquist (X,.,)
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Brief Description of the Draw ngs FIG 1A is a schematic bl ock
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di agr am of aciHally 1 (wheye pTi2s1) semplmciregyency bin symbelsperRlogknat i on
devi cebof _FI'G  #s shown in FIG. 1ARh& DMTi trartsmitter 10t recellesck Elé'riagdigitabbitt he
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3 outputs (kn-r)+m information bits, v and u, where ris a number of redundancy

bits and k is a number of bits needed to represent the equivalence classes in

the expanded constellation. The variables r and k as well as the terms

equivalence class and expanded constellation are described below.
15 As noted above, nis the number of complex frequency bin symbols

generated per block. The m base information bits, u, correspond to m =m, +

m, + ... + m,, where m; represents the number of base information bits

transmitted in complex frequency bin i. For each of the n complex frequency

bins, base constellation mapper maps m; base information bits into a symbol

20 from a base constellation. The ith base constellation contains 2™ points.

In the base constellation mapper 16, a base constellation for each
frequency bin is determined by the channel quality for the frequency bin and n
base symbols, g, for each block are generated. The channel quality is
typically determined by probing the channel during a training sequence. The

25 size of the constellation, and hence the number of input data bits that can be
represented by the symbol chosen from the constellation, is dependent upon
the quality of the channel in the frequency range of the bin. A channel having
better quality can use a denser constellation with more closely spaced points
and therefore more bits can be transmitted with each symbol. Thus, the

30 number of input data bits represented by a block of symbols is dependent
upon the quality of the channel.

To illustrate the general idea of a base constellation in accordance with
this invention with a specific example, consider a DMT system with base
constellation capable of fransmitting two bits per symbol. In FIG. 2, there is

35 shown base constellation 30 (which is assumed to reside in one quadrant)
containing points A, B, C, and D, from which the base constellation symbols
are selected by the base constellation mapper 16. Also in accordance with
this invention, at least some of the base constellations are expanded to
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FIG 1CA is a schematic block diagramof an alternative, frame based
confi gur at iR %¥F366ke perturbation device of FIG 1A PCT/USB/07841B | s
a schematic bl ock diagram of the perturbation device of FIG 10A
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15 expanded constellation 32 is transmitted. Expanded constellation 32 includes
base constellation 30 and expansion areas 34, 36, and 38 each containing
four points labeled A-D. All the points with the same label belong to the same
equivalence class. . -
In the example of FIG. 2, the expanded constellation is formed from the
20 base constellation by repeating the base constellation in each of the four
quadrants. The minimum distance between neighboring points in the
constellation for the ith symbol is defined as d. This distance is dependent
upon channel quality. This type of constellation expansion will be referred to
as an additive expansion because the equivalent points in the expanded
25 constellation are generated by adding a value (0 or -2d; in each dimension in
this example) to points in the base consteliation.
In this example, we have expanded the base constellation by a factor of
4. Of course, the base constellation can also be expanded by a factor larger
than 4. For example, by adding 0 or integer multiples of +/-2d, in each
30 dimension to points in the base constellation, we can generate additional
equivalence class points. As will be seen below, both the performance
capability and system complexity increase with larger consteliation
expansions. For a general square constellation with ¢ points, expanded
constellation points may be generated by adding integer multiples of cd,/2 in
35 each dimension. Other methods of generating expanded constellations
containing several constellation point equivalence classes will be clearto
those skilled in the art. Below an expanded constellation generated via |
rotation of the base constellation is described.
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t he DMT t r whigh trarsforros tee & freguancyedomiainisymbals inte N time-domain
15 symbols x (x4-X,.,). Perturbation device 26 modifies the N time-domain
symbols x to produce perturbed time-domain blocks y by modifying the coset
representative offset bits ¢to improve a defined property of the N time domain
symbols, in this example, minimizing the peak value, as described below. The
perturbed time-domain blocks y are provided to paraliel to serial converter 28
20  which converts the perturbed time-domain blocks y from parallel form to serial
form and transmits them over the channel.
Base constellation mapper 16, offset coset representative generator 18,
expanded constellation mapper 20 and Hermitian symmetry block generator
22 collectively form signal mapper 23 which maps the input data from serial to
25 parallel converter 14 to blocks X of frequency domain symbols. And, IDFT
device 24 and perturbation device 26 collectively form perturbation/transform
device 27. :
in FIG. 3 there is shown a schematic block diagram of receiver 40
according to this invention. The perturbed time domain symbols y, after going
30 through the channel, are received as symbols w at serial to parallel converter
44 which receives the time-domain symbols w in serial form and converts
them to blocks of received time-domain symbols w, w,-w,,. The blocks of
received time-domain symbols w, w,-w,,, are provided to discrete Fourier
transform (DFT) device 46 which converts the blocks of time domain symbols
35 into blocks of received frequency-domain symbols W, W,-W,,,. The blocks of
received frequency-domain symbols W, W,-W,,, are provided to frequency
domain equalizer device 48 which takes into account the effect of the channel
on the transmitted perturbed frequency domain blocks Y, Y,-Y\..., and scales
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are post-multiplied (modulo 2) (i.e., filtered) in matrix block 60 by matrix HT

having kn-r rows and kn columns to produce the 1 x kn row vector of coset

representative offset bits £ which are provided to expanded constellation

mapper 20 and perturbation device 26, FIG. 1.

25 An example of matrix H™ when there are n=3 symbols transmitted per
block, k=2 and there is one redundancy bit per symbol (r=3) is as follows:

1 0 0 0 0 0
H'= 0 0 1 0 0 0 1)
30 0 0 0 0 1 0
In this example, if the offset information bits are given by v = [v, v, v,}, the
output bits are simply the input bits padded with zeros, i.e. £=[v, 0 v, 0 v, 0].

35 Perturbation Device
Perturbation device 26 is depicted in more detail in FIG. 5. Perturbation
device 26 operates in the time-domain to perturb the blocks of symbols; '
however, it can be readily modified to operate in the frequency domain as with




cont ai nin oints A, B, C, and D, fromwhich the base constellation ol s
are sel ect BWP3¢83e base constellation napper 16. Also in acRGTHSAYE th

this invent . ; | S e 48X Py to
5 bb%lr?@oudgg\%ﬁi [ Ongéﬁ)@%g@?ﬁg%@%ﬁ tq#é&{é e??} Fg%i ;1 S necg'gsar y
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of up to kVEGHS(BHSPME; SubsELieTeRb} redyne comp wherg;fiis the gumber™ ;o4
t o sends ad@f reduadancy bitsrein genedral, thetipédurbaiions” arnot additive, bup canibie
the transm ' S Mo AVSY! | r Wt ol s.
s o cphElelbl AsSUER 4t tolthe ISIRG MR oy BE e B
function oftime domaie blagkcarrespanding to perturbatioanp i<, 1.he , Bk Let@=domai n
anpl i tude L,, S Bgne i=d,1! heat1pare el ' ter a
non-1i near %r“?aﬁr%ﬁ])’?_ t F@%f%° il ﬁeq'g' t(2) J’! hese I<.ér1r?€|§at(‘;ig(|b ??gggllm gi t ﬁ ,as
"of fset bi perturbation vectors” and xiie refesied! to arfhe naming time-dgmajslpck.
const 3"2 ati on 3|0|m? péi‘tﬁf’%ﬂﬁ_lﬁ ddlector 72&eg:éﬁfef%rﬂ1té§e 2" yalid tpémxﬁfatm \iécltors
expanded cqgnstel | ation,k32. erefore, 0 S_per ol are
mabaed to. BT SpTe RUERtARSTSON: RelFhy Binass 2 200F sach;of these BEfumAioh
const el | at iveet&? tothe momsinal tirme-ddmamnbledk oo(xsixgl,) tatgeneraie yekugesThe
base conste]lation . ' r : Lpi ng
four poi nt Yookl itheBaieARTIRAR ) A thebwnthcHiaRe fof@UiRpl! 0
sane objective function) is selected for transmission.
15 If the expanded constellation is formed by expanding the base

constellation for each of the n symbols by a factor of 2%, then in addition to the

m base bits, kn offset bits ¢ can be transmitted over the channel in each block

of symbols. Of these kn offset bits, kn-r coset representative offset bits are

used to send additional information bits and the flexibility afforded by r

20 redundancy bits is used to improve a desired property of the transform-domain

signal. Larger values of r provide greater flexibility in improving the

defined property of the transform-domain signal, but result in lower bit rates for

information transmission.

25 Valid perturbation generator
Valid perturbation generator 70 is described herein based on binary
linear codes, though it will be apparent to those skilled in the art that this
structure can be extended to non-binary group codes.
Valid perturbation generator 70, FIG. 6, generates valid perturbation
30 vectors that correspond to modifications of the offset for each symbol. The kn
coset representative offset bits ¢ provided to valid perturbation generator 70
define a coset representative for a defined linear code C generated by
perturbation codeword generator 80 using a matrix G having rrows and kn
columns. '
35 Matrix G and matrix block H 60, FIG. 4, are selected such that GH™=0
where H is a matrix having kn-r rows and kn columns, itself satisfying the
property that H™H' = |, , where |, is the (kn-) x (kn-r) identity matrix. In
other words, H' is a right inverse of H. It is required that G have row rank r
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equi val ence cl ass. . In the exanple of FIG 2, the expanded
const el | at ivee 99/83669r ned fromthe 20 base constellation by repepikogorsie

base constellation in each of the four guadrants. The m ni num di stance
bet ween nei ghddhahlg heoientosv rank ke-r. An examptlectf miatdn S wheo i3, a3 @nsbol i s
defined as gLQriélsho | 55 fiiel@nce is dependent upon channel quality.
This type of constellation expansion will be referred to as an

addi ti ve expansi on because the equival ent -points in the expanded 25
constellation are gengyated by apldi ngia vapue (@ or -2d[err] in each

di mensiop in thi syexanple) to pojnts Rpn the base constell ation.

In this exanple, %’ have e;rﬁandeg thellbase.bcons?)el | ation by a factor(%}f
4. OF course, the baseOconstel |l a@ion @an alBso b&® expanded by a factor

| ar ger than 4. For exanple, by adding O or integer multiples of [err]
in each 30 dinmension_to points in the base constel|ation, we can generate
addi ti onal dereVGicancke shasen psithe gengsatar matpx focany walldnownt h t he

Bonst el | At | Eay R B g e e e A P i o
o nt o, 1ixpdnimeated OF tIpinated camvolitistia) codregpizad 2F Harmige diwhee
I nt eger . mul l;iroﬂ)aﬁeeforcaﬂcerdihgag ison%otM(dnitetiargnsi on. O her nethods of .
ol nt - equi val onc g 08 4P gqtet flresentarys st B, SSIERBI AR | 3 0T
Bel ow an exgenécator FAgmotifiesiaffsef bite tdyddXCLISIVE OR'ingai.eqradsiing modiuie e
constel | at| @ the pits WitH $&fY codewords ¢, defined by matrix G. These codewords, ¢;= ©
15 r,G, are generated by all 2" possible choices for the r redundancy bits denoted
r, producing 2" valid codewords ¢, The codewords generated by perturbation
codeword generator 80 have the property that cH'=0. The result of
EXCLUSIVE OR'ing the valid codewords ¢ with the coset representative offset
bits tis to produce a set of valid perturbation offset bits s,=t ® ¢,. the valid
20 perturbation offset bits s, are mapped to N-symbol block P, via perturbation
mapper 82 and Hermitian symmetry block generator 84, as described below. it
should be noted that with this selection process any of the valid perturbation
offset bits s; may be used and will be decoded, as described below, to the
offset information bits v.
25 Each set of kn valid perturbation offset bits s, corresponds to k offset
bits per symbol. Continuing with the earlier example where it is assumed k=2
and r=n, the offset bits s, define the quadrants of the n symbols, Equivalentiy,
the k=2 bits per symbol define the displacement of the point in the base
constellation required to generate the appropriate point in the equivalence
30 class containing the original base constellation point. In the nominal time-
domain block x, the offset bits are defined by . Each s, corresponds to a
modification of these offset bits. Equivalently, in the example, the valid
perturbation offset bits s, correspond to changing the quadrants of the
transmitted symbols. Recall that t was generated from the offset information
35 bits v. Therefore the valid perturbation offset bits s, which are formed from t
are information dependent. | | -
If H7 is defined as in the example above, and r=n (1 redundancy bit per -
symbol), then the unmodified coset representative offset bits t consist of n
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Referring again to FIG 1A, kn-r bits, v, are provided to offset coset
repr esent a6 er at or 18 whi ch produces kn of fset (or rmrel’%E{pﬁ?WPﬂrly

Copr esent ati s 8t i vherhe sHcbha Kb ot 58Ty 2R, TRefibme i Fosetappe:
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g? Fgreg] ?LOT?@(amng%If(qjaﬂra&hﬂ%G}fE defined fo dend@ltheoqmdnamt eohtdihing th%b%se

evi ce
il "&K'*%*?gés f ualrait %edé“fzé;}i@ 8 e GLEbran bR Heldddel) GO CF
15 synbol s[%cmte Iabion, auaérareirphmq@\ Onbgthe andfmtl\totthﬁdeﬂ@ﬁﬂmeubase
synbol g0x tébrmel]ghtm Al étﬁdntwﬁ?ggﬂﬁeatg:p?qtﬁé r)gpgainﬁpdﬁ ?dr%ﬂt tthstuc(r)rZEt
e At S hurhahin s D o e aos SR ah b e ineatis
descri bed tm;mmde'ﬁie:oset represéntative dffset bits thyna bestisatiorh bf mcpAadifai to
par al | el to %‘FH irhbspnverter 28 20 which converts the perturbed

oC

ti me-donmi n fromparallel formto serial formand transmts
t hem over the Ch‘ghgaenurbatlon mapperfmapsreach settofo:ahdenmwmhﬁonmet

cos e}_b:]%p{ 5ieNS Ahto/s sgRfL ?Teﬁ?trurt?]éeit;%qsor Thédd ﬁ%(ﬁl%lﬁbkﬁ&hg Te 5%@3?\% Al

Ve ormsrg

t
nmapper 23 L&i‘n SgHJg'ESr §{urpg 9 @m&hﬁnemgs@e@ffsqt@@rorpatrms,em etbevert er
14 to bl oc kwovdspﬁ'eéalbmateebhdsfﬂne h SxpEIRicon siibold IR was deftiiinéd frénfnd

per turbat | ol ok SR e o' ERNRE Y AL ek ol erion el o ©°
recei ver 40corresponding to base symbols g and offset bits s;,, The n perturbation
20 symbols g, are the difference between h,and h, i.e., q,= h’ -~ h. In the
example above, q;contains perturbations of 0 or -2d in each symbol.
For each set of valid perturbation offset bits s,, the n perturbation
symbols (0 or —2d for each symbol in example above) are mapped by the
Hermitian symmetry block generator 84 into an N-symbol frequency domain
25  symbol P, with complex conjugate symmetry. The operation of the Hermitian
symmetry block generator 84 was described above. The frequency domain
symbols P, are provided to IDFT device 86 to generate 2" time-domain
perturbation vectors p,.
it will be apparent to those skilled in the art that different values for k, r,
.30 H, and G, will iead to different perturbation vectors. Also, different methods of
mapping the bits to symbols will lead to different perturbation vectors. The

valid perturbation vectors generated are dependent on offset information bits
v.

In general, for a fixed k, H, G, and r, and for a fixed mapping scheme,
35 the set of 2’ valid perturbation vectors will come from a set of 2 possible time-
domain perturbation vectors. Instead of generating these valid perturbation
vectors for each incoming t as described above, valid perturbation vector
generator 70 could store all 2 possible time-domain perturbation vectors in
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according to this invention. The perturbed tine domain synbols y, after
goi ng 30 whwowsmest he channel, are received as synbols w at BEeT/US$9/07641
paral | el converter 44 which receives the tinme-domain synbols win
serial formemaly amdwse the cosettraprasentativecaifsetbitsetto determinewhishe? 1of
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channel  mayde moee tham2ifi passible dimerdomain peqturbatjonivedions.bl ocks [err],

and scal es 7 t he

received synmbols W [err] , to p.r'oduce synbols [err] which are

estimtesmmd bl ocks Y, Y[err]-YN err] . The

b ovi dad o basn B e el e B e R e o oo o 1
Vi se. s X | S

D bold o B smindimerontan ResrbaaR Vegtars Ao, Pttt e damatibioc

c ]9 ][ r etSpgh?y, is conputed Iby block 68cwwheep ypaerp,alThen alf fthe yipesturbéd timese t Be

of f se [ e : ase
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transm t t epeakvalue isiselscted as the perturhieditine-domain Hlgek of symbelsdo be .

correspondirgfs ded constellation. The offset 10 bits s of these n
pr

synbol s are ovided to offset decoder 52 to recover the
15 Base Symbol and Offset Extractor :

Base symbol and offset extractor 50, FIG. 3, maps the frequency
domain equalized blocks Y’ to n symbol points in the expanded constellations.
Each point in the expanded constellation is equivalent to a point in the base
constellation (equivalence class representative). The offset signifies which of

20 the 2* equivalent points was actually transmitted. The 2* equivalence class
points are represented by k offset bits per symbol. The equivalence class
point transmitted is represented by kn offset bits, s. These offset bits are
provided to the offset decoder 52 which determines the information bits
encoded in the offset bits, as described below. The n equivalence class

25 representatives in the base constellations are the estimates of the transmitted
base symbols g and are provided to base constellation de-mapper 54 which
- de-maps these points to estimates of the transmitted base information bits u.

Offset Decoder

30 Offset decoder 52, shown in greater detail in FIG 8, includes matrix
block 100. In matrix block 100 the 1 x kn row vector of offset bits s is post-
multiplied (modulo 2) (i.e., filtered) by matrix H' having kn rows and kn-r
columns to recover the 1 x (kn-r) row vector of offset information bits v"’.

In order to demonstrate how the each of the candidates of valid

35 perturbation offset bits s;, are decoded to the same offset information bits, the

encoding and decoding processes must be expressed mathematically. The

information bits recovered, v’, (decoding) can be expressed mathematically as
follows: |
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offset [ tion bits v', which are equivalent to offset J gzd., n bits
Vv, W&é ¥f bed bel ow. The n base synbols g are provi al%acglt’p% agg

constel | ation demapper 54, to recover the mbase information bits u.
The base synbols g y=gHEorrespond to points in the base constell ad)ons. 15
The decoded information bits, u and v, may then be further processed
fci)pg pr O\C/:l)dﬁd tlﬁR@ velhid ﬁettarbatmi Gcéﬁsatl bitsest (ermodmg)saagf expresisedonput er .

set set. Re n ner at or set coset
repr eéentgﬁtk}%mébﬁ%fya%% ol Ss depicted in nore detail in 20 FIG 4. The
of fset information bits v, con5|dered to be a1l x (kn-r) row vector,

are post-nultiplied .mgqqﬂ' l.e., filtered) in matrix bl ock 60 y
matrix HT hawsgl - ’radvvs and kn col ums to roduce t he n row

vector of whesee=rG isqwa!@lem@wqréi gengiatedihyspert 'ﬁ“é‘roé’eﬂ‘f i ded to
%panded geﬂéFaﬂanSO PIG. 6. |ftﬁ§r? héhdedide mehuah@ﬁ (4yistubistitutéd infd G 1.

a ere.are n=3 synbol s
transmttgﬂuﬁﬁ?"?&f%rlﬂ- @hﬁ@‘éﬁgf‘@&’g igderi¥eRtundancy bit per symbol
(r=3) is as follows: 1 0 0 0 0 0
Herr]T= O 0 N t O 1) 30
0 0 0 0 ‘%'VHOH +%Hlnth|s exanple, if the offset in‘c}rmation
bits are given by v = [v[err] v[err] v2], the output bits are sinply

the input é%e%éd HY drid Fleré?ﬁgdt the f6I|QWI[\§3:%El]t|09\§V5r6r d&:s@iebﬁ ﬁ HT 35

Pert ur bati I ct in nore

detai 15 nH:f'E’ (wherecl is the ddentity mafﬂxc)eﬁﬂée( i§|‘i)p'epafl*@£‘ YT M189reSSiomai n

t o pertur fthe valuacdts, of synbol s; however, it can be readily nodified
to operate in the frequency domain as with

Frame Based Perturbations
20 In a block based system, such as a DMT based system, bits are
mapped to blocks of N symbols. In the invention described above, we assume
that the offset bits are modified on a block by block basis. In other words all
n=N/2-1 symbols transmitted on the block of N symbols are perturbed jointly.
It may be useful in some cases to divide the biocks into frames having a size
25 less than n symbols. For example if n and r are large, a large set of valid
perturbation vectors must be generated and/or stored and/or tested. If smaller
frame sizes are used, and the perturbations performed on a frame by frame
basis, the number of valid perturbation vectors that must be tested and/or
stored and/or generated will be reduced. The cost of this approach is some
30 loss in performance since the perturbations are selected to optimize the
desired property on a frame by frame basis. Some of this performance can be
recovered by using look-ahead, as described below. This of course again
increases the system complexity.
With frame based perturbation, the transmitter of this invention differs in the
35 following two ways: 1)The offset coset representative generator operates on f
frames of kn/f bits as described below; and 2)The perturbation device divides
its input and operates on f frames of kn/f bits as described below. And, the
receiver of this invention differs in one way; namely, the offset decoder divides
its input and operates on f frames of kn/ bits as described below.
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perturbation device 26' in perturbation/transformdevice 27, FIG 1 B. The
kn co¥P 99/83¢6ksent ati ve offset bits t are provided to vaAQTASII/OTSAL

bat i . 7Q. _Th Ljd perturbati tor 70,
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to
time domainNg eless, agneralizaliondotbe caseavhere nf isinat an integeris' - 1. Let

plerr] = per rekraightforwa¥d. Where x=y[err]. The vectors p[err]: i=0,1,

2'-1} are referred to as "valid perturbation vectors" and x is
referred to as the "nomi nal time-donain block." 10 The perturbation
sel ect or 72 Franw Basetl®ffsef CosetiRbpresentdtive Generator s (or sone

bset thereof), e C T.in BELTHrbati pn vectors
tS g t he nom nal )ti%‘%ﬁ%ﬁ%ﬂgggﬁ%@gr%n%&égﬁa Eﬁé 9', 'Qch‘d-%ﬁ,ffa"?ﬁe _
vector y wi tdivideml1@which resaivesikn-rirfakmation bitstv ahd divides the/ks-r bitsa ot hgr .

bj ecti f ' i edef 1SSy — pande
gojngtc e: th i 3%@%?&'23%@ g’r'id?ﬁgé% ﬂ%ﬁg%s;%e%‘enf}tggnaﬁ ‘é’lﬁné{lit'oh.’hrfaagﬁ(each
of the n syfsfsTiys,JoF gachof the birames, knherinfarmadiontbitsranedransmitted vian base

bits, kn off ' ' : ' h bl ock
bi gynbgl of %fﬁnd)ffréd@ndéﬁb td afGsed *&”"Wééass““%&%‘?%‘?f‘?sex ock

are us éaaflsigf'i'ﬁ& 'K"Q?dﬁ hﬁ%ﬁﬂt‘éﬁ%lﬂ( %ﬁgﬁeﬁﬁ{"gggf 3’ infoanation bits
af f orded by are post-nadiiplisah¢rodulo2)i (key flﬂdrécf) ih W?X?I@?l&sﬂ zeoe-mrzg,g tbver ty of
ot b 131 RO Boving k480 al Sk el B P o
si gnal , but Gosstrapresentglive offset bits dtiftas). The fframes (t,-t .,) are

concatenated in frame concatenator 114 to form kn coset representative offset

bits ¢ which are provided to expanded constellation mapper 20, FIG. 1, and

perturbation device 26a, FiG. 10.

20 -
Frame Based Perturbation Device
Perturbation device 26a, FIG. 10A, includes frame divider 120 which

receives kn coset representative offset bits ¢ and divides the bits into fframes

of size kn’, denoted by t,-f,,. Alternatively, the frames of size kn’ can be

25  provided directly from the offset coset representative generator 18a, FIG. 9.
Each frame of coset representative offset bits ¢ is provided to a valid
perturbation generator 112,(112,-112,,) which generates 2° valid perturbation
vectors (or some subset thereof) and provides these to the jth perturbation
selector 124, (124,-124,,) corresponding to the jth frame.

30 In general, the perturbations are not additive, but can be considered as
such according to the following scheme. Let y,, be the time domain signal
corresponding to perturbation /, =0,1, ..., 2"-1. Let P = Y, — Y0 @nd let y, ;=
¥+ " which will be defined subsequently. The {p,,:7=0,1, ..., 2-1} are referred
to as the ‘valid perturbation vectors' corresponding to the jth frame of coset

35  representative offset bits ¢,

The jth perturbation selector is provided 2” valid perturbation (or some
subset thereof) vectors p,, corresponding to the jth frame of coset
representative offset bits £, It is also provided with the output of Perturbation
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i nformati gy 55@5\5%5‘ ssion. 25 Valid perturbation generator pcras9sn7sst
Valid perturbatlon generator 70 is described herein based on binary

Itlh near COdQélfcfd?tolm,,IWhmhlvhlllbe demuted W, "t The fisteperkirbatidn iselecher, art  t hat
I'S SLryctrure

Val 14 per  BEBHHRIP LS80 422 ?9%4%“92*#2*#@?&%%3%2?’?& J e 20
vect ors thwe Wtﬂrdmerh}' ¥.¢- Resurbatian §ﬁ—‘l§°¥gﬂ" T24scompyita san'Yeaé‘rPls ﬁ’f)ol The -
gener At or Cg@&ﬁ of the gﬁg@h@humﬁﬁﬁ védtoR provided w/pmvaﬂowﬁelebtoeuqr et i on

re res nta.tlve for a r code
C generdt e@rexjdes the yp"ewmﬂmmﬁl JpRsak o P %3‘"@? ‘ﬂé s&i r?l X G
having r rqpg, anfhénast perturbahmelecﬁﬁr perturbatidutselect@raﬁd,,r;rmutputslyFMak
Herr] 60, ,Fl 4. are, selected such that GHT=0 where His a matrix
havi ng kn-r %r\ﬁlr colums, itself satisfying the property that
H err] THT = [er rih penurbaficn dpvnce 26=; tié perturbations-are selectedisequentially | n

other wor dmﬁ&&%& bl Frefiné balis. | THE peFofthahté bf thls deViceScdrBe '|ﬁ18?b\ié@lat G

hav

and thao erIyaneommatlmn lodknahead\Thatdsyinstegd ofaelesting thecyalid-pertyrbation,

k=2 T's shoyisatbite's, 4H8 corresponding perturbed ouput vekctor yPbased solelfon thé
current frame, perturbation selector 124, may use the valid perturbation offset
bits s for the current frame and for future frames to decide which perturbed
output vector achieves the lowest peak time-domain power.

15 To illustrate this idea, consider first a look-ahead depth of 1.
Perturbation device 26b, FIG. 10B, includes perturbation selector 124, which
looks at the perturbation vectors entering perturbation selector 124,,,to
determine which valid perturbation offset bits s; combined with valid
perturbation offset bits s, reduces the peak power of y,,"'=y,,"+ s; + s;,s the

20 most. Then vector y; =y, "+ s; is output to perturbation selector 124;,.
Similarly, perturbation selector 124,,,looks ahead to perturbation selector
124,,,.

If the look-ahead depth is 4, then perturbation selector 124; looks ahead

to the valid perturbation vectors entering perturbation selectors 124,,,to 124,

25  to determine which valid perturbation offset bits s; combined with valid
perturbation offset bits s;,,-s;.4 reduces the peak power of y.,"=y."+ §; + Sy +
.. + S5 Note that it is not possible in this implementation of the device to
look beyond block boundaries. Therefore the last 4-7 perturbation selectors
will have look-ahead depth less than 4. Furthermore, the last A-1 perturbation

30 vectors are fully determined at perturbation selector 7-A-1. Perturbation device
26b has a look-ahead depth A=1. When we are trying to improve the peak
power of a time-domain block of symbols, looking beyond block boundaries is
not helpful. For other objective functions, look-ahead beyond block

boundaries may be useful. It will be clear to those skilled in the art that this
35 invention can be modified to look-ahead beyond block boundaries. Note that if

the look-ahead depth 4 is equal to the number of frames in one block f, this
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that with tFoPge miediicatins of ihe gftsetits, farin) symbals feagh frame. ¢ ¢ g o
b} ]E S's, n?yTbe ko eosetrepredentativedeffsetcbits § prdvidedi toaalvalid perturmatidre
offset info , ; f
of fset bit ségﬁéﬂcag&r ‘Zés%ﬁen% $ og §t rkep&a?%%tgﬁgg f&,ﬁ‘.% Ptggmég ri ‘K§5F§8$.3 (%:g%ﬂglr'\ét}lgﬁg
wi th the eaby pertudsation codewerd generatarst2fhusing-@matrix (:‘gmhnngn’,’ rawsandf set
bits s,jglef} u ; T ' vadhe k=2
bi t 5 pe‘r”sy'é@f;*f‘*"?@{‘?g%f?ﬂ?% iaﬁggéﬁﬁga?“?ﬂ ﬁg@?ﬁ%‘@%ﬁn \eptesentativé e
const el | at | 88NewteN 185 % 1) @reselecte <§u§8;§|"ﬁb TR whargH iis amatrighaviagence
30 class cknt:a:rcswﬁ?nahm'col‘umﬁsa.litfsbﬁ%%tiswmg ¢he pto%mypmiamw’ﬂ*rblrl{n.g, noni nal
tine- 1] O » R .S .
corres ponds%% o 1S ﬁﬁ)@(’f’ wgt(%?ﬁﬁ%eﬁht&s@gﬁ% ggtdtﬁgeg}yﬁﬁ%ﬂ %ﬁpm in
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20  kn'-r.

In perturbation codeword generator 126, 2” codewords, (or some subset
thereof) ¢, = r, G, are generated by post-muitiplying all 2" possible choices , (or
some subset thereof) for the r’ redundancy bits denoted r; by G. Codewords
generated by perturbation codeword generator 126 have the property that

25 cH™=0. There are 2" valid codewords ¢, Using the kn’ coset representative
bits , the valid perturbation generator modifies coset representative sign bits ¢
by EXCLUSIVE OR'ing, i.e., adding modulo 2, the bits with valid codewords ¢,

defined by perturbation codeword generator 126. The resulting valid
perturbation bits s;,= t, ® ¢, are mapped to N-symbol block P,, via
30 perturbation mapper 128 and Hermitian symmetry block generator 130. It
should be noted that with this selection process any of the valid perturbation
offset bits s;, may be used and will be decoded, as described below, to the
information bits v;.
Perturbation mapper 128 maps each set of valid perturbation offset bits
35 s, into n’ symbol perturbations, q;,". These n’ symbol perturbations represent
the resulting perturbation from changing the offset bits of frame jfrom fto s;,. -
Let h; denote the jth frame of n’ expansion symbols in h. These expansion
symbols were determined from base symbols g and offset bits ¢. Denote by

0 0

»
[ 1
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pair is 0block generatenh30 into amNasyrabolfsequency,demain symbol Rpawith es t he

quadr ant opiRIAQ cbﬂ{l%]atﬁ rsybgrggir}oﬁé obleraﬁ&i ofithe- Herﬁﬁléﬁ@ylﬂhfét Bcii’Et ween

nei ghbori ng 0|nts onst
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quadr ant, then It will bée iappauémﬂorihoSe rSkitleicbin thefarbthdtidifferent valuestfer &pset
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by a pertu ch synbt
per t ur bat ircappingdbe bits teegymbelsiwill dead to dﬁerenbeettumﬁpmrﬁmm ethe

15  valid perturbation vectors generated are dependent on information bits v;. In
general, for a fixed k, H, G, and r’, and for a fixed mapping scheme, the set of
2" valid perturbation vectors will come from a set of 2** possible time-domain
perturbation vectors. Instead of generating these valid perturbation vectors for
each incoming ¢, as described above, the valid perturbation vector generator
20 could store all 2" possible time-domain perturbation vectors in memory and
use the coset representative offset bits ¢, to determine which 27 of these
perturbation vectors , (or some subset thereof) are valid for the given t. Note
that if the expanded constellation is not an additive expansion as described
above, the perturbation symbois may depend on not only the coset
representative offset bits ¢, but also the base symbols g. In this case there
may be more than 2" possible time-domain perturbation vectors.

~J
Lh

Frame Based Perturbation Selector
Perturbation selector 124, (124, —- 124,) is shown in more detail in FIG.
30 12. For each of the 2" valid time-domain perturbation vectors P, (or some
subset thereof), perturbed time-domain block y;, is computed by block 140,
where y; =y, '+p;, (Note: the input to Perturbation selector 124, is y., "= x.)
Then all of the y,, perturbed time domain blocks computed are evaluated in
block 142 and the y;’=y,, with the smallest peak value is selected as the
35 perturbed time-domain block of symboils to be provided to Perturbation

selector 124,,,. (Note: the output of Perturbation selector 124H is output to the
channel y,, "= y.) R
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perturbation vec se skilled
in the art mapaf@nat%smf framesdorfermian estirpete of W-@ﬁﬁﬁ informagtiony |

differepd pejitgy’bation vectors. Al so di fferent nethods of mappi ng the
bits to synbols will lead,to di fer e u ation, ectors he valid
perturbation vectBoEdgLiademepsiate eqpﬁ"lﬁ"rﬁ tg eﬁlﬂ‘fcy tion bi ts

V. perturbratiprneffeét bifss,, ard deedddsd tdithdsamecoffsetdnfbrination Bitsw
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generating tihss linformation hitstrecavered, we(dencsling)rcarabé expoessedy t as
descri bed abpx®e icbﬂh%@JBHéﬁé't'on vect or generator 70 could store.

all 2[err] p055| omal n perturbation vectors in
1
vi=s HT (6)

and the valid perturbation offset bits s; (encoding) can be expressed
20 mathematically as follows:

8= v H +1G, )
where ¢ = r G is a valid codeword generated by perturbation codeword
generator 126, FIG. 11. If the right hand side of equation (7) is substituted into
25 equation (6) for s, then the following equation is derived:

v/ = v, HHT + rGH' 8)
By selecting G, H™ and H7 so that the following conditions are satisfied: (1) H'
HT=1 (where | is the identity matrix ); and (2) GH = 0, then v,” = v, regardless -
30 ofthe value of r

Splitterless Operation
In an Asymmetric Digital Subscriber Line (ADSL) modem operating
without a splitter, the transmitted ADSL signal results in interference in the
35 voice band (0-4kHz) at the POTS phone. This interference is the result of inter-
modulation effects due to the non-linear devices in the POTS phone. This
interference can be reduced by using the present invention above to improve
an appropriate objective function of the transmitted signal. One possible
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perturbation vectors to produce candidate transmit blocks y,. These blocks are
provided to the non-linear device 162 which mimics the POTS non-linearity.
Spectrum calculator 164 computes the power of the non-linear distorted
signals around 2 kHz and selector 166 chooses the candidate perturbed time-

20  domain block y; that minimizes the output of the spectrum calculator 164.

In our examples above we assumed the “additive” constellation
expansion as described in conjunction with Fig 2. For this particular objective
function, further benefit may be obtained by using an alternative consteliation
expansion as described below. In particular, as will become clear,

25 implementation complexity can be significantly reduced.

A rotated expanded constellation 170, FIG. 15, is formed by rotating the
symbols in base constellation 172, rather than by shifting the base
constellation (which was referred to as an additive constellation expansion
earlier) as shown in Fig. 2.

30 In the specific example shown in Fig 15, we consider a DMT system
with base constellation 172 capable of transmitting two bits per symbol. Base
constellation 172 contains points A, B, C, and D, from which the base
constellation symbols are selected by the base constellation mapper 16, FIG.
1. The base consteliation 172 is expanded by a factor of 4 to form a 16 point

35 constellation. Thus, k=2 bits per symbol are needed to determine which of the
equivalent points in the expanded constellation is transmitted. Expanded
constellation 170 includes base constellation 172 and expansion areas 174,
176, and 178 each containing four points labeled A-D. Expanded constellation
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25 representatives in the base constellations are the estinmates of the
transmtte base synbols g and are provided to base cons | at i
de- mapper g’?wﬁ de- maps these points to estimates of P gﬁgsswm
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pertur bt i mapﬁdrs'&ﬁ G 4, uses ﬁ'taakldecﬁde(&vobltslnersynﬂ)ob)‘tﬁmt i nformation

bi t th "
rr:alt ﬁemat ?ca? rese% wg'df%e?ﬂfi?%&%h@trgé@%?r ecov ed'g@ ePéporeco [ g) can be
expr essed Qne\wﬁuttp@@ﬁny the mapping b thetwo bits per symbol is: 00 corresponds

12 o a 0° rotation, 01 corréégonak'[tﬁ"ar 0° rot%tlon 11 corresponds to a 180°

(3) e va 5 ertur gtIOI’T (enc I ng) can be
expr essed 5° a&fﬁf‘h@ﬂﬁt rregpoBas “rotation, s = VHTHG
(4) 10 To reduce the implementation complexrty, this scheme uses

perturbation codewords that do not require re-computing the IDFT, i.e., the
rows of the matrix G of perturbation codeword generator 80, FIG. 1, having r
rows and kn or 2n columns are chosen such that the codewords ¢, generated
from this matrix lead to perturbed time-domain blocks y, that can easily be
15  obtained from the nominal time-domain biock x. Recall, G, H', and H™ must be
chosen such that GH'™=0, and HTH'= |,,,,,, where ,,,,, is the 2n x 2n identity
matrix.
This reduced complexity scheme can be achieved by allowing three
rows for matrix G, which also corresponds to =3 redundancy bits. Assuming
20 n=8, the three rows are:
1. 11111111 1111 11 11, which corresponds to a sign inversion of x.
2. 0011001100 1100 11, which corresponds to a circular rotation of x by
N/2 samples.
3. 000111100001 11 10, which corresponds to a circular rotation of x by
25 N/4 samples.
In this specific example, there are r=3 redundancy bits which corresponds
to 2°=8 possible perturbations y,. The selector 166 selects the best of these 8
perturbations to minimize the output of the spectrum calculator 164 i.e., to
create a null at 2kHz in the spectrum of the transmitted blocks y after they are
30 distorted by the POTS non-linearity. Note that although these perturbations do
not change the peak of the transmitted symbols, they can be used to shape
the non-linearly distorted spectrum of the transmitted symbols.
The perturbation selector 72a, FIG. 14, can improve its performance by
incorporating look-ahead. With a one-step lock-ahead, the perturbation
35 selector would select the perturbed time-domain block y(k) such that y(k) in
combination with the best choice for y(k+1) creates the deepest null in the

spectrum Z,,,. With a 4-step look-ahead, the perturbation selector operating
on the kth block would select the perturbed time-domain block y(k) such that
20
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where ¢ =wolelssses vVal i d codeword generated by perturbati on gegguredss
gener at or 80, FI& 6. If the right hand side of equation (4) iIs substituted

into 10 ts 3 : : . . :
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(1) HT 15 H er pithoubhWé fage deseribég anfddded systénvin ourestafmplesihis O,

then v' = v regardl eSs . of the,value of r. EFra ased

bor tur bar | Eendgn can be epsily SyiehdsdiidaBE B5eidl A caded systed Tnneariels 2
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pert ur bat i 8F &eemputerdisk opmeeeRy ehipd ‘lgmmen%%my ajpe take thesform ofja
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frame by frane ., basi t ert urbation, vectors that
ot be t el Sbgglinc i Softwais iz hivh Jelerricaly HRREMIEY. 86cod. Tho
cost of thexammbe,coveEr the Intermet30 | oss in performance since the
perturbations ame._s : oy .y i ols A a
frame by frame b S @le%ébﬁ@w%ﬁﬂ?ﬁH%ggpégf%ﬁﬁgwsg '2 gﬁesrp%%'fg Bﬁg\%é.y)gﬁ&é by
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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. '
20

What is claimed is:
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35 foll owwgp/sda68 ways: 1) The offset coset representative gRGERTES907841
operates on f frames of kni/f bits_as described bel ow, and 2)The
perturbation device divides its irﬁ]ﬁ!ﬂ&d operates on f frames of
kn/f bits as described bel ow. And, the receiver of this invention

operates ol 11 fesreSSiEinarbyfed ERhed BRRSly Bliraifform-domald Symbie, 2
13 the deviceNcoraptisiag: t o sinplify the explanation, it is easiest to

Generator and paryenaLinBbEEFhnich AbEiRsut dRa b6 Sggﬁgymﬁﬁﬁ%ﬁé o
oper at e ondpmaia andiwhichiaengnatesicftset bits COFW@F‘QH!Q toseachyblrokefi zation to

t he case V\/g m I:fands not an int eger is 5 strai ghtforvvard Frame

Based O‘fse set tat n.erator fset coset,
representative &e?%'&élﬁ@ﬁ RIATANS 'G' 9V’°Pnﬁqﬁﬂ?@§“@r%e blog(gp&)j@?)o B whi ch
][ ecei vesf kithe first dermsin lamTthetcbrresmdndmg/cﬂ@st bits; witich producas Blacks off Od
rames

207 167 BeRG rabifor qiasin SRR ThirdErE diadoe 3itoRePobely
transmtte@fmeatransforme;i syamhbls. r edundancy bits are used to inprove a
desired property of the transform domai n synbol. These 1 x (kn'-r)
frames of offset_information bit ost-rmul ti plled (rmodul o 2)
(i.e., filered)herdexice piclalracwhﬂ%péhe]perp urhatiep/trangiormedeviggt r i x
Herr] T havi ng kmcludes:r ows and kn' columms to produce a 1 x kn'frame of kn'

15 an invertible transform device, responsive to the signal mapper, which
transforms each block of symbols in the first domain into a block of transform
domain symboils; and

a perturbation device, responsive to the invertible transform device and
the corresponding offset bits, which selectively perturbs each block of

20 transform domain symbols to form the blocks of perturbed transform domain
symbols.

3. The device of claim 1 wherein the perturbation/transform device
includes:

25 a perturbation device, responsive to the signal mapper and the
corresponding offset bits, which selectively perturbs each block of symbois to
form blocks of perturbed symbols; and

an invertible transform device, responsive to the perturbation device,
which transforms the blocks of perturbed symbols in the first domain into the

30 Dblocks of perturbed transform domain.

4, A receiver for receiving and decoding symbols created by the
perturbation/transform device of claim 1.
5. The device of claim 1 further characterized by: a selector for selecting
35 a block of perturbed transform domain symbols that meets a predetermined

| AU
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selector 124[err], which will be denoted y[err]. The first perturbation

sel ector, . perturbation selector 124[err] is provided with nom nal
ti me- domai nwa ¢dsess  Whi ch we will denote by y[err]. Per pgrmasioborss
sel ector 124j conputes y[err] =y[err] "+ p[err] , for each of the

valid perturbation vectors provided to perturbation selector 124[err]. It 5
provides the yj "with the small est tim domaip peak to perturbation

sel ect or 124[err]. The last pert %at iQEE sel ector, perturbation

sel ector 124[err] outputs y=y[err] - [efTEEO the channel In
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on a frane by frane basi g s TS can be inproved
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vector y[err] based soleljy on the ¥ rent franme, perjurbation selector
124[err] may use the val ijd pemtorbaton Dffser —=—=—"bits § for the current
frame and for future frafes td dedi de wg&ch pertprbel out put vector
achi eves the | owest peak tlnEIqB in poWBus 15 I To fllustrate this
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determ ne which valid penturbgti on-e }
perturbation offset bits]s[errj] reduces,‘te peak
nost. Then vector y[err] {"=y[qgr& " +_s] st output

cofbined with valid
power jof f[err] the 20
to peftufbati on sel ector

124, [err]. Simlarlly, pgrrpatio el ectof 124[¢rr}, |ooks ahead to
perturbation sel ector 1 124\1\1-2. et I fthe fook-ahead depth
is [err], then perturbatijon sel ectar Tz aoksS_ahead to the valid
perturbation vectors entdring pgrLuQaﬁi‘_q selectors 124[¢rr]to 124[err] 25
to determ ne which valid |pertyrbatgon E.w;zﬂnt, sj jc¢nbifned with valid
o | EEsS
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perturba set bits [err] reduces the peak power of [e .+
s[err] Né*‘g%g}ﬁ is not possible in this inplenentation g&’t”ﬁ?’?i’@ﬂ ceto
| ook beyond bl ock boundari es. Therefore the last [err]-1 perturbation

sel ectors wi |l have Iook-aheg?]édepth | ess than [err] Furthernore, the
| ast A-1 perturbation 30 vectors ful Ig determ ned at perturbation
selector f-A-1. Perturbation device 2 Z6b has a | ook-ahead depth

[err]=1. When we are trying to |rrpr0?e theESpeak power of a
ti me-domai n bl ock of RSOt : poyaRa—ilack=—hauadari es is not

hel pful . For other objjecti el d bl ock

boundari es may be usefjul . led in the art that
this 35 invention carf be nodifiedTQ, bl ock boundari es.
Note that if t he I{taok.-ahea-d-de-p [~} +s—-qqual fo the nunber of
frames in one block f,]th\si scherre reduces tp the first
perturbation sel ector [descMN b abo‘v‘la*"= 'I"'"E' i 9 equi valent to
assumng 1 franme of si{e n nmb —rert?

3 S Bgsed Vplid Perturbation
Generator 5 The] confjgurat i on>-oﬂ valid perturbatfon generators
pi ct gd i The yalid] perturbation

122[err]-122[err] is d

generators are providef w t th{pir regpective franps of kn' bits
corresponding to franeg of p' symbol sizpyd genératels val d perturbation
vectors of N-symbols that ajg uged toghgdify the—ﬁl—nre dprai n synmbol x
in order to mnimze ifs pe k\npgwer 1jd Perturbation
generator generates vajid p?rt\u bat i o§ vectors thal correspond to
nmodi fications of the of fset, bits—for—j—symbots in epchjfrane.
>
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The kn' coset representative offset bits t[err] provided to a valid
perturbation generator define a coset representative for a defined

| i near cowe Jo/saeg3er at ed by perturbation codeword gener #IFUSH2H788i ng a
matrix G having r' rows and 15 kn' colums. Matrix G and matri x bl ock
Herr]T (in offset coset representative generator 18, FIG 1) are

sel ected such that GHT=0 where H |se/§ matri x havi ng [err] rows and kn'
colums, itself satlsfyl ng the prop ?y that Herr] THT = [err] wher e
[err] is the (kn'-r") x (kn'-[err]) identity matrix. In other words is
a right inverse of HT. Wt require that G have row rank r' and at H
have row rank 20 [err] I n perturbation codeword generator
126, 2[err] codewords, (or sonme subset thereof) ¢, =r, G ar *
generated by post-multiplying all 2[err] possible choices , (or one
subset thereof) for the r' redundancy bits denoted r, by G Codewor
generated by perturbation codeword generator 126 have the property t 25
cHT=0. There are 2[err] valid codewords c,. Using the kn' coset
representative bits tj, the valid perturbation generator nodifI®s
coset representative sign bits t] by, EXCLUSI V& AOR ing, §.e., adding
nodul o 2, the bits with valid codewords c3 defijned by plerturbation
codeword generator 126. The resulting vali err]
=tj] [err] c, are mappedZ o N-synbol bl ock n

ifa 30 pefturbati

mapper 128 and Herm ti anﬂy bl ock genefat L3t be
noted that with this sel t|on ocess any off t perturba I&a
of fset bits s[err], may used nd will be deco delscridbefl | gw, to
t he |nformat|on bi & v][ [err] urbaﬁ@n;?p r 128
maps each set of valid p&tur on offset bifts 3385 intsr P’ mbgl
perturbations, g[err], 'Ehese l\bsynbol pert dr bat ijon& eppr b SBIP Jt he
resul ting perturbatlonf ing the offdet bi frpnme | from{j to
[err] Let h[err] d ote jth frame 4f n' | ol—sgTbol s i h.
These expansi on ol s we e determ ned from e symwfs g and
offset bits t[e. Denote by
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16 rr hferr]" the n' expansion synbols corresponding to b

synbol s* g 92 t bits s[err]. The n' perturbation sy’FW?f@F‘P]
are the difference between h[err] and h[err] i.e., glerr] =Jerr].
These n' synbol perturbations g[err]are zﬁeped to g[err] a set of n
synbol perturbations, where only the jtﬁ anme of n' synbols in the set of
n 5 synbol perturbations g[err] is non-zero. For each set of valid
perturbation of fset "bits s[err] the n perturbation synbols are mapped
by the Hermtian symetry bl ock generator 130 into an N-synbol
frequency domai n synbol P[err] with conpl ex conjugate symmetry. The
operation of the Hermtian symetry bl ock generator 130 is described
above. The frequency donmain synbols P[err] are 10 provided to |DFT device
132 to generate 2[err]tinme-domain perturbation vectors It will
be apparent to those skilled in the art that different values for k, r',

H and G will lead to different perturbation vectors. Al so, different

met hods of _ mappi ng the bits to synbols will.lead to different
perturbation vectors. The 15 wvalid perturbation vectors_denerated are
dependent on information bits v[err] In- general , forla fixed k, H G
and r', and for a fixed mappi ng schene, the setfof =21 vat T
perturbation vectors will conme froma set of 2[lerr] possible tinme-dojain
perturbation vectors. Instead of generating thgsg o { ON
vectors for each incomng t[err] as descri aboveggthe val | d
perturbation vector generator 20 could store gliNg[err] Etppssiblp

ti me-domai n pefte-ba-or—veetofs in nenory and use tFé&scoset

representativel offset bits t[efr] to determ ne whi gh 2[ el of thpse

perturbation vectors, (or sonme|sgbset thereof) |are validg the piven tj.
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that if the expanded constellation is not an additive expansion as

descri bed woo9osdweye, the perturbation synbols may depend on pgatuswoloyis he
coset 25 representative offset bits t[err], but also the base synbols g.
In this case there may be nore than 2[err] possible tine-domain
perturbation vectors. Franme Based gfggturbation Sel ector

Perturbation selector 124[err]-124[err] - 124[err]) is shown in nore detai
in FIG 30 12 For each of the 2[err] valid tinme-domain perturbation
vectors p[err] (or sone subsgt thereof), perturbed time-donmain bl ock
y[err] is conputed by bl ock 1§0h.‘__. where[err] (Note: the input to
Perturbation selector 124[errg isjy[err]= x.) Then all of the [err]
perturbed tinme domain bl ocks Eogpited are evaluated in bl ock 142 and
the [err] with the snallest pZag value is selected as the 35 perturbed

ti me-domai n bl ock of synbols ¢ provided to Perturbation sel ect or
124[err] (Note: the output of Perfurbation selector 124[err] is output to

t he channel y[err]l=y.) =
17 Frame Based O 1set [Decoder O Tset decoper 52a,
FIG 13, includes frape dif,m,rr-rso'-wri ch divides the kn val}d
perturbation offset bjts i nfetPY+ages of kn' =kn/f bits each. Hach
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frame s[errc}( %rr]ls provided to a matrix block (152[err]- 1&*6”5%'

thejh mat MY the jth frane of 1 x kn'valid pertur

bits is multiplied (nodulo 2) .e., filtered) by matrix HT haV|ng kn'
rows and kn'-r' colums to recover the#v%QE frame of 1 x (kn'- r)

offset information bits v'[err] The f s of offset i nformation

bits [err] are passed to frane concatenator 154 which ~concatenates the .

f frames to forman estimate of the kn-r offset information 10 bits v'.
In order to denpbnstrate how each of the candi dates of valid .
perturbation offset bits s[err] are decoded to the sane offset information

bits vj, t he encodi ng and decodi ng processes nust be expressed
mat hemat i cal | y. The offset information bits recovered, vj', (decoding)
can be expressed 15 nmathematically as folloms: vj'= §
HT o (6) and the valid
perturbation offset bits s“l(encodlng) can be expressed 20 nmathematically
as foll ows: . S) = HerrlT+ G, .
(7) where ¢ =1 Gisa valld codemord generated by perturbatlon
codeword generator 126} FIG 11. If the rlght hand side of equation
(7) is substituted ¢n10“25—-equatr0m (6) for -then the foll ow ng equation
i s derived: viedr]' = v[err] HTHT + GHT
(8) By selectllngj Hland H Tlso that the followi ng conditions are
satisfied: (1) HT | & HI=_1 (mherell is the identity matrix); and (2) GHT=
0, then vj' = v[err? k\gg:qgegs 30 lof the value of r * Splitterless
Oper ati on o 89 ' o)
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In an Asymmetric Digital

Subscri ber

Li ne (ADSL) nodem operating

without a sypdsass the transmtted ADSL signal results in i picgidbafae | n

the 35
result of inter-
t he POTS phone.

i nventi on above to

transmtted signal.

Thi s

voi ce band (0-4kHz) at the POIS phone.

This interference is the

nodul ati on effects due to the non-linear devices in

i nprove
One possi

interferencezggn be reduced by using the present

an appropriate objective function of the

bl e

a notch in the spectrumof the transmtted ADSL

t hrough the non-linearity at 2kHz.

time. Then X(k) denotes the kth unperturbed

bl ock and x(k+1) denotes the k+l[err]
the kth transmtted p
denotes the k+l[err]

t he spectrum cal cul atfor 164 Fig. Iﬂ,é.e&
transmtted signals

non-linearity,
can be inproved usi
can be achi eved by

selection criterion of the pe
perturbation sel ect

] ed
160 nodi fi esNH

perturbation vectd

non-1|i near device
15 perturber
valid
These bl ocks are

nbol

turbed tine-d
bl ock et

bl ock etc.

objective function is'to create
si gnal
Let the subscript k denote

after it goes

ti me-domai n DMl synbo

5 Simlarly,
in DMI synbol
Let Z(k) denote the

the spectrum of the

yk, denotes
bl ock and y(k+1)
out put of

or 72af
162, a

transmtted up™jo tinme k, after the POIS
eval uated at ZkHz.| 10 i S objjective function
ng the abqve-desctribed nventiong. In fact, this
i ncor por atli ng the 8w object]ve ffunction in the

rturbat, 8 selectof. As shown in Fig 14,
this eEEEﬁinent copsi sts of ja perturber 160, a
trum c8& gl ator 16§, and a gel ector 166. The
e nomi nagtine donpin blockix with each of the

rs to pr&tuce cand
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provided to the non-linear device 162 which mmcs the POTS non-linearity.
Spect rum cW@ /58668 164 conputes the power of the non-linear REHUSIVPE4!
signals around 2 kHz and sel ector 166 chooses the candi date perturbed tine-
20 domain block y, that m nim zes the output of the spectrum cal cul ator

164. . In our exanpl es above WfIéssuned the "additive"

constell ation expansion as described in conjunction with Fig 2. For
this particular objective function, further benefit may-be obtained by
using an alternative constellation expansi on as describeg below. In
particular, as will beconme clear, 25 inplenmentation conplexi{y can be
significantly reduced A rotated expanded constellat] 70,

FIG 15, is forrfed by rotating the synbol s in base conste¢llation 172,
rat her than by h§ting t he base g constellation (which wa$ referrfed to

as an additive qomStel | ati on expamgi on earlier) as shown
In the specificle " in FRg ;
base constel | atijon\§y/2 gapabj e of tra L.Ng_
constel lation 172 contagns ppints &2|B Fand & fromh

constellatio apeSselected A Sle—ae i €
FI G 1. The basp cgn8tellation 2 exppanded by
forma 16 point B5 ongEBII ht i on. TRHus, pi t's per<sy
determ ne whi ch pf the bqui val et points] i n thesfxpapded condt el
is transmtted. panded} constellatia 0 incl #des base
172 and expansi oh areas 174, 176, andl 178 each contai ning four ppints
| abel ed A-D. Exppnded copstellation @ @
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170 is formed fromthe base constellation 172 by rotating each of the
poi nts in woogkdegs base constellation by O[err], 90[err], 180pErikoo/erash

270[ err]. For each of the n base synbols, g, base constellation
mapper 16 chooses a point in base constellation 172. The expanded
constellation 5 mapper 20, FIG 1, usgg‘ghe kn or 2n (two bits per
synbol ) coset representative offset %lts t torotate the n synbols by
O[err], .90[err], 180[err], or 270[err]. One way to define the.napping
of the two bits per synbol is: 00 corresponds to a Oferr] rotation, 01

corresponds to a 90[err] rotation, 11 corresponds to a 180[err]
rotation, and 10 corresponds to a 270[err] rotation, 10

the inplenmentdiion conplexity, this schenme uses perturbation
that do not rqquire re-conputjng the IDFT, i.e., the rows of
matrix G of pdridrbation cojeword generator 80, FIG 1, having r
and kn or 2n qofNin | at the go , = Cpeta
fromthis nmatrfi X\l 'be&"g_i -donain'@oc@-—iy, tﬁ%’ cag
15 obtai ned flrom iqﬁ}gp in_bloclssy. Real || &
must be > dhosd CHTR0S afd M THT= I2n&ns where
2n x 2n identifty S8 Thi's rqdud@ds copl eki t 5
can be achi evdd by eess 8 |rows fef rnatrg@eG
corresponds td r=3 pit§¥ Assuningéﬁo n=8>“%®he| tTr
1. 11 11 11 19 11 % Ff. which—egrpespondy) to a—STpm e
2. 00 11 00 13 00 11 86 1, which c¢riesponds to a cijculaf rotati
by N2 sanpl ep. 300401 1140 00 Q4 1% 10,—which cgrresgonds
to a circularrrotqgion of x by g5 N 4.Zanpl es @
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In this specific exanple, there
to 23=8 pWE:9MES3pert ur bations vy
t hese 8 perturbations to m
calculator 164 i.e., to cre
transmtted blocks y after they
non-linearity. Note that althoug

the peak of the transmitted synbol s,
non-linearly distorted spech&umkﬁ the transmtted synbols

are r=3 redundancy bits which corresponds
[err]. The selector 166 sel BETAISHWBTI8#Ebst of
nimze the output of the spectrum

ate a null at 2kHz in the spectrum of the
are 30I0/d4storted by the POTS
h these perturbati.ons do

t hey can be used to shape

not change
t he
The .

perturbation selector 72a, =14, can inprove its performance by

i ncor porating | ook-ahead. vﬁgh aj one-step | ook-ahead, the perturbation 35
sel ector would sel ect the p&staarped tinme-domain bl ock y(k) such that y(k)
in conbination with thdghesy choice for y(k+1l) creates the deepest
null in the spectrum Zkfldgr§ Wth a [err]-step | ook-ahead, the

perturbation sel ector operating
perturbed time-domai g block (k)

on the kth bl ock woul d sel ect the
such t hat

20 y(k) ijn combinatioh with the best choice for y(k+1p -
y(k+[err]) that m nijn zes t he owt put: of the spectrum cal cul ptor.
Al t hough we have de rihégﬂgn“UﬁébHé 'systemin our exanples, ths
i nvention can be easj |y Bxt eles he case of a coded system for exanple
a5 trellis-coded sgystem ing3panner that will be apparent to |hose
skilled in the rt. It should be noted that thif invention
may be enbodi ed in spftware &djor firmvare, which may be stored on a
conmput er useable medf um such =, =
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as a conputer disk or nmenory chip. The invention may al so take the é rm of
a 10 comwoes/sskssa si gnal enbodied in a carrier wave, such PEIUREQ7

e

i nvention is enbodied in software/firrmvare, which is electrically
transmtted, for exanpl e, over the_lnternet. The present

i nvention may be enbodi ed in other speéﬂ@ﬂc forms w thHout departing
fromthe spirit or essential characteristics. The descri’bed 15 enbodi rrents
are to be considered in all respects only as illustrative and not
restrictive. The scope of the invention is, therefore, indicated by the
appended clainms rather than by the foregoing description. Al changes,
whi ch cone within the nmeani ng and range within the equival ency of the
clainms, are to be enbraced within their scope. 20

What is clained is:
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21 d ai ns 1. A
devi ce for WRIPSH6Ag a defined property of transform domai n sDEHYSE9/07841

t he device, conprising: 5 a signal mapper which maps input data
into bl ocks of symbols in a first domai n and whi ch generates offset
bits corresponding to each bl ock of L2{dbol s; and a

perturbation/transform device, responsive to the blocks of synbols in
the first domain and the corresponding offset bits, which produces bl ocks
of 10 perturbed transform domain synbols in order to inprove the defined

property of the transfornmed synbol s. 2. The device of claim1l
wherein the perturbation/transform devi‘ce I ncl udes:
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15 an invertible transform device, responsive to the si gnal mapper,

whi ch VOR58e8ns each bl ock of synbols in the first donaPOTSd®w0TES1
bl ock of transform dormai n synbol s; and a perturbation
devi ce, responsive to the invertible transform devi ce and t he

correspondi ng offset bits, which sel ect 884/ perturbs each bl ock of 20
transform domain synbols to formthe bl ocks of perturbed transform domain
synbol s. 3. The device of claim1 wherein the
perturbation/transform device i ncl udes:; 25 a perturbation

devi ce, responsive to the signal mapper and |t he correspondi ng of f set
bits, which selectively perturbs each bl o&sjof synbols to form bl ocks
of perturbed synmbols; and _ _ _ _ _ _ _an_invertible transform device,

responsive to the perturbation device, ich tyansforns the bl ocks of
perturbed synbol s mg&\h(;;fl rst domain intfo the 0 | ocks of perturbed

t ransf orm domai n. . A receiver flor Gecki vi g and decodi ng synbol s
created by the rturbatlon/tranffo'r'gf;]d vicg of claiml. 5.
The device of claim1 funther characteri 2ed@y:| a splector for selecting 35
a bl ock of perturbed trarlgsform domai n syrfbolR that ets a predeterm ned
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6. The-device of claim5 wherein the predetermned criteria is a the

smal | est PEXRI/SI66Nver age power Ratio. - 7. The devi ce BETAIS9/9784]
wherein the predetermned criteria is the least 5 anount of nonlinear
interference in a voi ce band. 8. 12}5? device of claim5 further
characterized by a transmtter for ransmtting the sel ected bl ock
of perturbed transform domain synbols. 10 9. A receiver for receiving

bl ocks of perturbed synbols characterized by: a transform ng device .
to transformthe received bl ocks of perturbed synbols . into

frequency domai-n synbols; an offset extractor for extracting base
synbol s and perturbation offset bits and transform ng said base synbols
into base informti on_‘{) . and an offset decoder for transform ng the 15
perturbation of fset bit's in of fset information bits.
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(57) Abstract

A system, device and method for improving a defined property of transform~domain systems; the device includes: a signal mapper
(23) which maps input data into blocks of symbols in a first domain and which generates offset bits corresponding to each block of symbols;
and a perturbation/transform device (27), responsive to the blocks of symbols in the first domain and the cormresponding offset bits, which
produces blocks of perturbed transform domain symbols in order to improve the defined property of the transformed symbols.




