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to nodul ate the encoded digital information onto subcarriers that
COrnESPonS S AERBEN oL R Pl soramnidhione Brormsion o
i's 10 Solutions (ATIS), which is group accredited by the ANSI (American National Standard
Institute) Standard Group, has finalized a standard for the transmission of digital data over
Asymmetric Digital Subscriber Lines (ADSL). The standard is intended primarily for
transmitting video data over o@nm telephone lines, although it may be used in a variety of
other applications as well. The standard is based on a discrete multi-tone transmission
15  system. Transmission rates are intended to facilitate the transmission of information at rates
of at least 6 million bits per second (i.e., 6+ Mbps) over ordinary phones lines, including
twisted-pair phone lines. The standardized discrete multi-tone (DMT) system uses 256
*“toues” that are each 4.3125 kHz wide in the forward (downstream) direction. That is, in
the context of a phone system, from the central office (typically owned by the telephone

20 company) to a remote location that may be an end-user (i.e., a residence or business user).

The Asyuimetric Digital Subscriber Lines standard also contemplates the use of a
duplexed reverse signal at a data rate of at least 608 Kbps. That is, transmission in an
upstream direction, as for example, from the remote location to the central office. Thus, the
term A ~ymmetric Digital Subscriber Line comes from the fact that the data transmission rate

25  is substantially higher in the forward direction than in the reverse direction. This is
particularly_ useful in systems that are intended to transmit video programming or video

conferencing information to a remote location over the telephone lines. By way of example,
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that i8 capadadization peasess as welf as telephono sistenal generally moss telephane systems arenot e
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throughout a CSA range from a central office over ordinary twisted-pair phone lines such as
24 gauge twisted pair phone lines. This requires both that the signal does not attenuate an

unreasonably high amount and that it be relatively tolerant of crosstalk noise.

One acknowledged drawback of the discrete multi-tone solution for the Asymmetric

15 Digital Subscriber Line standard is that when T1 crosstalk noise is present in the same
binder or an adjacent binder, the transmission scheme has difficulty reaching the outer limits

of the prescribed range with reliable signals. For example, T1 circuits generally carry 24
voice channels at a data rate of approximately 1.544 million bits per second and are
generally known to create a significant amount of crosstalk noise. In fact, the presence of

20 T1 noise will generally cut the range of a digital multi-tone signal to less than the CSA range
given the desired power limitations and permissible bit error rates. Accordingly, it appears

that special provisioning may be required to ensure complete carrier servicing area coverage

in all cases. Although the types of telephone systems that experience T1 noise are quite low

on a percentage basis, it is widely perceived as being important to have 100 percent

25 compatibility in any standardized service. It would, of course, have. been desirable to
guarantee complete carrier service area coverage with a standardized technology. However,

it was widely believed that such a range was impossible given the nature of the discrete
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10  provision for higher speed transmissions in the upstream direction. As will be appreciated
by those skilled in the art, these transmission rates are substantially greater than those that

are currently obtainable.

SUMMARY OF THE INVENTION

15 In view of the foregoing, it is an object of the present invention to provide a method
of transmitting digital information from a source over a potentially noisy subscriber
communication line using a discrete multi-tone transmission scheme. The system
contemplates encoding digital data and modulating the encoded data onto a discrete muiti-
tone signal having a total bandwidth of at least 1.6 MHz. In some embodiments, bandwidth

20  of more than 8 MHz are used. The communication line is monitored to determine at least
one line quality parameter including noise levels at each of a multiplicity of subchannels that
each correspond to an associated subcarrier tone. The modulation scheme is arranged to
take into consideration various factors including the detected line quality parameters,
subchanne} gain parameters, and a permissible power mask parameter when modulating the

25  discrete multi-tone signal. The modulation system is also capable of dynamically updating

the subcarriers used and the amount of data transmitted on each subcarrier during



corresponding to an associ ated tone, the nethod conprising the steps of:
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digital data stream formng a di screte-ful ti-tone encoded signal fromthe
encoded digital data streamusing a discrete nulti-tone nodul ator, wherein
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A nmethod as recited In claim ereln e tones eac

bandwi dt h §iwdubicBaritiels aek haviip a BshdWiden ¥f dppreximalety 419198 kHkre used, Mihjed as
recited in any of clains 11-13 wherein up to 512 tones may be utilize
embodiment, the subcham_xels that occur at frequencies above those set forth in the standard
are treated similarly to those within the standard rangé in terms of subcarrier selection ‘
10  criteria. This embodiment contemplates the use of a discrete multi-tone signal having an
available bandwidth of 2.208 MHz. In other embodiments, the number of subchannels may

range between 128 and 2048 or more.

In some embodiments, the bandwidth of each of the subchannels is increased to
facilitate a greater total bandwidth than 4.3125 kHz wide subchannels would provide. By
15  way of example, the bandwidth of each subchannel may be in the range of 5-40 kHz wide
or more. One described embodiment contemplates the availability of 256 subchannels each
h#ving a bandwidth of 34.5 MHz, for a total available bandwidth of 8.832MHz. In
applications that are susceptible to interference from known regulated sources such as
amateur radio signals, the bands associated with the interference may simply be masked and

20 silenced to prevent interference in either direction.

In other applications of the invention, it may be used in systems that experience
significant crosstalk noise. In such systems, the signals are transmitted over subcarriers
having frequencies above and below the most significant crosstalk noise (such as T1
crosstalk noise) to facilitate transmission of the encoded digital data throughout a carrier

25  service area at a data transmission rate of at least six million bits per second (6 Mbps).
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FIGURE 1 is a graph illustrating a discrete multi-tone transmission band in
accordance with the ATIS North American Standard.

FIGURE 2 is a graph illustrating a representative bit distribution profile which
shows the number of bits carried on each tone for a one kilometer 26 gauge phone line with

worst-case crosstalk.
FIGURE 3 is a graph illustrating the frequency spectrum of ordinary T1 noise.

FIGURE 4 is a graph contrasting the data rates achievable by the described
invention with the data rates achievable by discrete multi-tone transmitters that operate in
accordance with the ATIS North American Standard for Asymmetric Digital Subscriber
lines in the presence of T1 crosstalk in an adjacent binder for both 26 and 24 gauge twisted

pair wires over varying distances.

FIGURE 5 is a block diagram of a video delivery system that utilizes a discrete
multi-tone transn_xissidn scheme suitable for implementing the ATIS Asymmetric Digital

Subscriber Line standard as well as the present invention.

FIGURE 6 is a diagrammatic illustration of a distribution area architecture used in

many installed phone systems.

FIGURE 7 is a graph illustrating the representative bit distribution profile of Figure
2 amended to mask potential amateur radio bands.
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two tQy ﬁ %ﬁ; been found to work well. Thus, in a 256 gy
system w1 ndw dth of 34.5 kHz per "tone", a 8.832 Mz t0
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or together to provide the required bandwi dth for any particular system 10
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transm ssion rates of 25.6 I\/Blts/sec and/or 51.84 I\/Blts/sec Such dat a
rates can readily be delivered directly to the end user over nany installed
twi sted pair phofbe presentlypropesed ARIS cxsymumetri¢ Digitad Subsopiberhine NasthcAmdricane
with the present invention having an 8.832 MHz transm ssion bandw dth. 15
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By way of 25 exanple, Figure 2 is a graph illustrating a representative
bit di sigi bMH£TR lokel 82 tohes thay also beluséd fut dupleedsdats ransmissicd ithe bpstredoes
not include echo canceling. The enbodi nent shown -9-

direction. As described in the background section of the application, one acknowledged

limitation of the discrete multi-tone transmission system that has generally been thought of
as being unsolvable is reliable carrier service area signal transmission in the presence of T1

crosstalk noise.

15 The solution proposed herein is significantly increasing the transmission bandwidth.
In one example, this is done by increasing the number of subchannels, with each
subchannel having the same width. In another example, this is done by increasing the
bandwidth of each subchannel. That is, instead of the 256 subchannel 1.104 MHz
bandwidth set forth in the proposed standard (which is seen in Figure 1), a system having

20 on the order of two to ten times that bandwidth is proposed. By way of example, in one
embodiment, the transmission bandwidth is dout:led by providing 512 subchannels each
having a 4.3125 kHz width to provided a total 2.208 MHz bandwidth. In another
embodiment, eight times as many 4.3125 kHz wide subchannels are used to provide an
8.832 MHz bandwidth. When desired, the number of subchannels (and therefore the

25 bandwidth) available for upstream transmissions may also be increased. The bandwidth
allocated to upstream transmission may be widely varied to meet the needs of any particular

application. By way of example, the number of subchannels available for upstream



shows the nunber of bits carried on each tone for a one kiloneter 26 gauge

phone | iwo osr2Bfy3wor st -case crosstal k. The margins in this pegamosiidios
approximately 12.4 decibels, which is well above the margins that are

general ly considered necessary for digital data transm ssion (mninmm
mar gi ns of about 6 decibels are typi cal'.s)' As can be seen in the graph,
there is 5 significant -data transm ssion at frequencies above 1.1 MHz.
Referring next to Figure 3,. the described systemis usefulness in carrier
servi ce arcemgnunications prayiberdoubled to 64 tanesfiom the 324one bandwidthsuggestediinehei n,
Tl noise is not a very big factor at relatively |ow frequencies (as. for
exanpl e atATISstandard. es bel ow about 600 kHz). However, the magnitude of its
interference (cross talk) increases as the frequency increases 10 unti |
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by the graph shown in Figure 4. However, as seen in Figure 3,

frequenci afedeRKér s“e?mfa@ly DR t6gethek 13 prbVide tiereyiifred bandwidily $6rt Alykpaaoaat ed
by T1 noise begins to decline rather significantly. A second hunp in the T.

noi se cur\systemgi ns to becone 20 significant above about 1.6 Miz.
Therefore, subchannels in the range of about 1.3 to 1.6 MHz tend to be
relatively inmmune from Tl cross talk noise. Accordingly, when the broader
512 sdBchannel Aswillbeiapprepiated by thoseskilled inghe et there isbgignificans installedbasesi on
rates can be readily achieved even in the presence of significant T1

cr osst al k AAEM eqnipmenthatcis set v foresjandardized; ragsmission sates 0£525.6 MBits/sgo;

w Il be appreciat hos kKilled in the.art, this oyercones one of the -
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for Asym‘reotvglr Cma[r)'; ints?allled twisted pair phone lines using a discrete multi-tone system in

accordance with the present invention having an 8.832 MHz transmission bandwidth.

15 In practice, given a particular bandwidth, higher data transmission rates are
generally obtainable when more subchanneis are used. However, more subchannels
generally translate to higher hardware costs. In contrast, expanding subchannel bandwidth

tends to be a lower cost solution that has slightly lower maximum data transmission rates.

As will be appreciated by those skilled in the art, it has been widely believed that

20 transmissions at frequenciés suﬁstantially above the 1.1 MHz range (as for example above
1.3 MHz) would not be sﬁitable for transmission over télatively long distances on twisted

pair phone lines. However, Applicant'.s. experiments in the area have shown that this is not

the case. Rather, transmissions under the discrete multi-tone protocol have been found to

work well in the frequency fange of one to ten megahertz and above as well. By way of

25 example, Figure 2isa graph iliustrating a representative bit distribution profile for a 25.6

Mbit/sec transmission systém that does not include echo candeling. The embodiment shown



Subscri berwbigsesmsrvice in North Anerica. It should be appr gchaiReoidagt t he
act ual -10- transm ssion bandw dths may vary a great deal from

ter ansm ssion to transm ssion dependi ng on the noi se experienced and the
data transm ssion requirenents at any gi van tine. However, it appears that
in the presence of Tl noise, nost of the data transm ssions will occur in
t he bands between about 50 and 600 kHz and about 1.3 to 1.6 MHz. Since 5

t he transni Shownthe anmbapefcbitscarriedianeagh tone fota-org idlomaten26igauge phonerlirie with
with Tl transm ssions, using this_higher frequency band has the side
benefit of W‘tﬁmmﬁaﬁs dRargisJB this case 48 dRPTOXiMatelyck2 4 deeibels; whichtiss
that are achi evabl e by discrete nulti-tone.trapsmtters that operate in
accor dance. TYEHOPHGt uErEing Hift ST RERSFAE PORRARBR AEpeesmLADE Fissrel GA FramAcrEsiom
will be 10 descri bed .w [ rence t L gu . JEigure 4 is a graph .
conpari ng ¢ (i %'?dg? @“&WM%@I@@MW?&%@ !%hsgfnbxbgpaq@&},ﬁgere 1s
conpliange W \y ' r Asymmetric Digital
Subscri B%r \#lg#ehsc I'n %&gﬁgéiﬂcﬁﬁwggg%dgm an adj acent binder for
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countri es aHdwever]thetmagnitudeeof itpnterference (cross tatk) ikchséias thofréqidicvicreases
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bet weenl® \pptilihgxceedsadevehthat isragceptakle forodisereteymultistone transieissios to locationsal

or local. In
over a mile from a central office. Thus, it is generally agreed that discrete multi-tone

transmissions can not be reliably used in subchannels having frequencies above about 600-

750 kHz in carrier service areas that experience T1 noise. This is particularly true when the
remote locations are located more than about a mile from the source. Thus, T1 noise

15  significantly limits the number of subchannels that are available for data transmission in the
forward direction, which severely limits the speed at which digital data can be transmitted as

is illustrated by the graph shown in Figure 4. However, as seen in Figure 3, at frequencies

- above approximately 1.3 MHz, the amount of crosstalk generated by T1 noise begins to
decline rather significantly. A second hump in the T1 noise curve begins to become

20  significant above about 1.6 MHz. Therefore, subchannels in the range of about 1.3 to 1.6
MHz tend to be relatively immune from T1 cross talk noise. Accordingly, when the broader

512 subchannel bandwidth described above is used, 6 Mbps data transmission rates can be
readily achieved even in the presence of significant T1 crosstalk noise in an adjacent (or

even the same) binder.

25 As will be appreciated by those skilled in the art, this overcomes one of the most
frequent criticisms of the discrete multi-tone transmission standard for Asymmetric Digital

Subscriber Line service in North America. It should be appreciated that the actual



effect, the described discrete multi-tone systemsinply avoids the
frequentwolgg,gglﬁ where noise and/or interference are a proj Q@M has the
duel benefits o? not conprom sing the systems own transm usi ng .
t he noi sy subchannels and not interfering with other 25 approved
frequency bands that may fall within t+l®-broad range of frequencies
available to the transm ssion nedi um By way of exanple, application of
the invention in a systemthat co-exists with amateur radi o broadcasts w ||
~ be descri radsmissipnreandwidths shaytvasy tahgreat geals frohn téangmission’ & eransmission
distributions for a discrete nulti-tone system described above with
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when conpgiefl Bﬁewsﬁgm%c“ bed above with reference to Figure 2.

Such margins are 6 dec el margin generally considered
necessary for such data transmission systens. The described arrangement has

several ot her qﬂ&aﬁﬁ@ﬁe§tlﬂ§arﬁ%ﬁ1evm5¥lﬂﬁéﬂwﬂiulul-tﬁnéé?/ns(?):%iﬁtlﬁe topBlaif not

experience crosstal k noise (which is the vast majorit ‘
t el ephoneadudddance With the desefibédsulsohanndli doubliny ehﬂﬂhﬁﬁeﬂtaéﬁn%m iben -
rates can be reliably achieved. By way of exanple, in the bandwi dth
doubl 10g deseribéd:withesfereneeitoclfigure, 4. dRigarer4is agraph cumpaeiag thel doubiybandevidthe
reliably obtained at distances over 6000 feet on tw sted pair

embodiment with those that operate in compliance with the ATIS North American Standard

-_)

for Asymmetric Digital Subscriber lines in the presence '_of T1 crosstalk in an adjacent binder

for both 26 and 24 gaﬁge twisted pair wires over varying distances. As can be seen therein,

the described invention has significantly improved data transmission rates in the presence of
15 T1 noise. |

| The preceding description has illustrated thé'application of the invention in a system

which experience significant T1 crosstalk noise. However, it should be appreéiated that the
described system works equally well to avoid higher order T1 noise, E1 crosstalk noise

(which is more common in European countries and tends to be most pronounced in the 800

20 to 1700 MHz range), amateur radio interference (which occupies several narrow bands

between 2 MHz and 30 MHz) and anj other noise, whether it be institutional or local. In

| effect, the described discrete multi-tone system simply avoids the frequency bands where

noise and/or interference are a problem. This has the duel bénefits of not comproinising the

system's own transmissions by using the noxsy subchannels and not mterfenng with other

25  approved frequency bands that may fall w1thu the broad range of frequencies avmlable to

the transmission medmm.



subscri beryhigBges Furt her, when the nunber of subchannel s agiwd &
transm ssion i1n the 20 reverse direction are al so doubl ed, the potenti al
data transm ssion rate in the reverse direction can also be significantly

i nproved. By way of exanple, transmissionllate of at |east 1.544 Mops (i.e.
the Tl data transm ssion late) are readily obtainable. As will be

appreci ated by those skilled in the art, the data transfer rates that are
obt ai nabl e by an\Byivagf examele, applicatibn of tthe invehtidh i atsystemf thatico-eXissswith
Sone of the 25 relevant variables include the distance that the signals
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twisted pair Wres and preserves a 6 decibel nmargin'requlires out 15 dbm

transm tter pPOWg2H03.8%é 3igTand 7.0 RD7. TNIE frduercy tifids.| Thesdife 2H6MbieSec data
systems, data transfer rates of 50 Mops or noré are readily obtainable over
tw st ed jpai rrankmBSion raté issdbiadfistie with@Uopet ¢ily approxiniabety oneidetibel Bythemargihs
exanpl e, a systemwhich transmts 51.84 Mops over 24 gauge twi sted pair
wires and preelsenrcontpareditoctthe systém desayibed above with referance 16 Fijjure 21 Soclrmargins
power to attain a 600 neter

are well above the 6 dec -l margin generally considered necessary for such data

transmission systems.

The described arrangement has several other advantages as well. Most notably, in

15 systems that do not experience crosstalk noise (which is the vast majority of the installed
telephone base in North America) significantly higher data transmission rates can be reliably
achieved. By way of example, in the bandwidth doubling example presented above, data

rates of at least 12 Mbps can be reliably obtained at distances over 6000 feet on twisted pair
subscriber lines. Further, when the number of subchannels available for transmission in the

20 reverse direction are also doubled, the potential data transmission rate in the reverse
direction can also be significantly improved. By way of example, transmission rate of at

least 1.544 Mbps (i.e. the T1 data transmission :ate) are readily obtainable.

As will be appreciated by those skilled in the art, the data transfer rates that are

obtainable by any given system are a function of a number of variables. Some of the

25 relevant variables include the distance that the signals must travel over the transmission
lines, the nature of the transmission lines, the margins required, the transmitter power level,

and the attendant noise. Thus, systems where the signals have generally shorter distances



range. As discussed above, the actual transm ssion rate capabil iti_és W | |
vary a twemsngmgs 15 anount based upon the characteri st iﬁf!&?f’&(?“’
ITTed 1n the

particul ar system However, it should be apparent to those s

art that the described systempermts the delivery of digital data over

exi sting tel ephone based infrastruct ur elet s gni ficantly higher

transm ssion rates than existing technology. In order to better illustrate
the capabilities of the described invention, its application 20 in the
envi r onmerte tievelnyer higheequality wires avithpless moiss/ wilb generaily beoatile teharthé highet | zes
fiber optic feed lines will. be described. One such architecture is .

i 11 ustrat &8t Hansmission gates,, Onjthe gtherihapd; systems, thas must sdccoinbmdateckongenO i s
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| ong. - Eacho FUE WL 00k ralddfsialesny 1 &t o servi ce a number of crops 208
which may be nade to a residential unit, a business, etc. Oten, the drops
about 20 et or 4 Easiet a6 odkiok chinldy Berd! Gntelle i serdfiee TiEesBe Tover,
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usi ng existing Infrastru Referring next to Figure

syst em t hate RRGilyYbKEinable HVELHNEE Pairiifes b @isRnESUT1000 Yiidrs Honink!
described. A viﬁgo server 21 progi des digital data to 5 tﬁlr?,ansms??g?' 20

through aFoasyanplepn eysterh wehich eransimicie25.6 Mbpalovér 24 Fagge/ iwisted pair whires’andC an
provi de data at any data rate up to the naximumdata rate permtted in vie

of the tr preseivesa 6decibeltmargin requires hbowt 16 dbii transmittér pywer 0fattaidi 000 Giktéron
lines_used. The transmtter 20 incorporates several conponents including
an end@derange. alajechog¢anceled systems; data transfer rates of 50 Mbps or more are readily
obtainable over twisted pair wires at distance: of 600 meters from the source. By way of
example, a system which transmits 51.84 Mbps over 24 gauge twisted pair wires and
preserves a 6 decibel margin requires about 15 dbm transmitter power to attain a 600 meter
range. As discussed above, the actual transmission rate capabiiiﬁes will vary a tremendous
15 amount based upon the characteristics of a paniéular syStem. However, it should be
apparent to those skilled in the art that the described system permits the delivery of digital
data over existing telephone based infrastructure at significantly higher transmission rates

than existing technology.

| In order to better illustrate the capabilities of the described invention, its application
20  in the environment of another existing telephone system architecture that utilizes fiber optic
feed lines will be described. One such architecture is illustrated in Figure 6. In this
architecture, an optical fiber feed 200 is arranged to service a-multiplicity of optical network
units 202. Each optical network unit is coupled to a multiplicity of pedestals 204 by a
twisted pair distribution line 206 that n.iay.be up to about 1500 meters long. Each pedestal
25  has the potential to service a number of drops 208 which may be made to a residential-unit,
a business, etc. Often, the drops 208 are formed from twisted pair wiring are Wpic@y not

much more than about 50 meters long. Thus, it should be appreciated that the invention



{one nmodul The encoder 23 serves to multiplex, sync ' code
P09y Jetbsd o

and conpress the video data and is capable of handling of up
to 15 mllion bits per second. Mre specifically, it translates incom ng
bit streanms into in phase, in quadraturel8onponents for each of a

mul tiplicity of subchannels. The encoding nay be done using forward error
correction and/or trellis coding. In the enbodi nent shown, 512 subchannel s
are avai | abétan b lnseectw providd eigaifivaddy improvdds dita 2rmsinissidinrtes asing ex@inghat
each represent 4 Kbps. 15 "~ These inputs are conplex inputs that are passed
t o a di scr einfrastnicturet one nodul ator 25. By way of exanple, a suitable
encoder is described in detail in the above referenced ATIS standard. The

nodul ator 25 is an_ | FFT nodul ator_that conputes the inverse Fourier )
transform by anyRefgrringmext tq Figpre:havidep delivery, sysicra aps operatep in accgrdanee withe x
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the signal to norse ratio for eac _ hanne ore, other
par amet er s gSithinde20"RitoirRes 86verfll donfonkhts th@G8ing  an! &ftoB& $3TRALH Hisc te

described. The determ nation of what subchannels to transmt the encode

data over asultPione moduldtor 25 T efitsder 23iserves té mailiplek, synehrofire]esidde aaane!

i s dynamically determined on the basis of several factors. The factors

i ncl uddot hecomyiresstthel videolath dildi ik vapubleofhaidiing dutacans of bp 96115 niiflich BitsSper, a

perm ssi bl e power mask, and the desired maxi mum subcarrier bit-error rates.
second. More specifically, it translates incoming bit streams into in phase, in quadrature

components for each of a multiplicity of subchannels. The encoding may be done using
forward error correction and/or trellis coding. In the embodiment shown, 512 subchannels
are available. Therefore, the encoder outputs 512 subsymbols sequences that each represent

15 4 Kbps. These inputs are complex inputs that are passed to a discrete multi-tone modulator
25. By way of example, a suitable encoder is described in detail in the above referenced
ATIS standard.

The modulator 25 is an IFFT modulator that computes the inverse Fourier transform

by any suitable algorithm. Since the encoder outputs are complex numbers, the IFFT

20  modulator receives 1024 ihputs. The bit distribution is determined adaptively in discrete
multi-tone systems as described in the referenced ATIS standard. To facilitate this, the
transmitter 20 also includes a line monitor that monitors the commuaication line to determine

the line quality of each of the available subchannels. In one embodiment, the line monitor
determines the noise level, signal gain and phase shift on each of the subchannels. The

25 object is to estimate the signal to noise ratio for each of the subchannels. Therefore, other
parameters could be monitored as we. or in place of the parameters described. The

determination of what subchannels to transmit the entoded data over as well as how much
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It is noted that the various factors need not be constant between

subchanggg sy | ndeed may 5 even vary during use. Mostpdyol sobne |ine
qual ity paraneters are continually checked and adjustnents 1n the :
nodul ati on scheme are made in real tine to dynam cally adjust the

nodul ation as the line quality over valous subchannel s changes during use.
By way of exanple, a suitable discrete nulti-tone nodul ator is described in
the sane ATIS standard. After the encoded signal has been nodul ated to form
a di scr etdatanl transmineves iegetnsubchanngl is dynamicallyrdetérmined omp therbhsis ofseveéral
discrete nulti-tone encoded signal. The cyclic prefix is used primarily to
si npl i fy faetersdehguiagtory inclede the deteeted: ine\gpality: parametegs ssubchanne] (gaimT| S
standard, a 32 bit cyclic prefix is uds‘ig However,, with the | arger
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comuni cat Ine 29 to a rénote Iocation. In the descri

20 enbostample| a siifaBletiscedt® hrltitonk imddalktors @¥otibddis ik saftiedA TISVshiridard. € R
bandw dt h of approxinmately 2.208 MHz. In one enbodi nent, the transmitter is
| ocated at a central office in a tel ephone carrier service area and the ‘
conmmuni cat i on Afterahe encodéd\sighaldapbesn modulated to form adiscrete andltdomesijsal, a

di fferent comunication |lines may be used. The signal is then received by a
r eceil@er cyoli¢ prefix échppended te thetdisciete multibtone heod2d signale Tbe eycliciprefixis usedh| og
filter 32, a tinme donmmin equalizer 38 (TEQ), -a denodul ator 31 that

denodul atpsimarily te giraplifyche demodulationof the tesmyliztongsignals. | IsthepATIS | i c

prerix, asrt]adndgrd, a 32 bit cyclic prefix is used. However, with the larger bandwidth of the

-

described embodiment, it would be preferable 1o double the length of the cyclic prefix as
well. The transmitter alsdl includes a line driver 28 which applies the discrete multi-tone
15 signal to the communication line 40, which may take the form of a twisted pair phone line.
of course; other conventional communications lines'ca.n be used as well. Twisted pair lines

are of particular interest due to their wide spread use in installed communication systems.

The discrete multi-tone encoded signal with its cyclic prefix is then transmitted over

the communication line 29 to a remote location. In the described 512 subchannel

20 embodiment, the discrete multi-tone signal has a total available bandwidth of approximately
2.208 MHz. In one embodiment, the transmitter is located at a central office in a telephone
carrier service area and the communication line is a twisted pair channel. In other

embodiments different communication lines mﬁy be used.

The signal is then received by a receiver 30 located at a rémote location. The
25  receiver has an analog filter 32, a time domain equalizer 38 (TEQ), a demodulator 31 that

| demodulates the equalized discrete multi-tone signal and strips the cyclic prefix, and a

This Sheet Has Been Reilaced

R



-15- decoggyeshgrizhat decodes the denodul ated signal. The deﬁﬂ'ﬂ@?s 31
and the decoder 33 performinverse functions of the nodul ator 25 an
encoder 23 respectively. The decoded signal is then passed fromthe decoder
33 to a renpte unit 36 such as a televisildn, a conputer, or other suitable
recei ving apparatus. The function of the time domain equalizer, 5 t he
denodul ator 31 and the decoder 33, as well as algorithnms suitable for
acconpl i shidegoddrd3dbati decodefsthe démodulated sighal. dBeadefitnskilator Jipami the dacdder A3
Chow et al's United States Patent No. 5,285,474. The upstream encodi ng and
nodul at i on pesfprivdnvrssefungtiensafithe modulatas A5 andenepdes 23respeetivaly.i Bheldecoded
downstream data transm ssj on. I—|oweverér i%s{]Ft he described enbodi nent, just 10
P

64 subchanrfigngl i Shenapassed, foms heedecg Q AFPEOMHRIL 34 FUShsas a-Erlexision, at
avai | ablo. FSPRSIsS PR SRRV RPRaN. |PF KEED0R af Hefiome forired sarabier
oS ML Ul IR L Sl
yarome. 1 oskd Rinpfdhe fF AR T ord AT HPCRA0SEMDs LT SRRE Paldhe N
subchannel ss H&y 4 I ncreased nerely by broadeni ng the subchannel bandw dt h.

For exanpl €, ofe r'epresentative system may i nclude 256 subchannel s each of
whi ch has a bandwi dth that may be varied in the range of 4.3125 kHz - 34.5

kHz. O course, THiApfréan bndoditiptmdHodulRioGnay bé disledin ¥RAc9dhd SarfCmanrieR Ae €

with the needs of a particular ystem In one such arrangenent, the system

may i niti althy déseribéd dewnstRaddatpirensiissiorn. Hdowevetianhedesciibet émbsdiment) fisbd
at the mninmumw dth. Then, as the system s |oad increases, the subchannel
wi dt hs 1fmay Gdesubchaimels aye athde avaithbles ta upsticamccommindcations.t How aver, dashionlyd bat a
transm ssion requirenents. Typically, the bandw dth increasing step woul d
be taken ordppreciatedthatany pumhber ofssubbchannalscapuld;bey magde awailable) forduch upstocame r
enbodi ments, the bandwi dth nmay be dynamically

communications.

In several of the described embodiments, the subchannel bandwidth has been

considered fixed. However, in some applications, it may be desirable to provide a

15 mechanism for dynamically adjusting the bandwidth of the subchannels in unison. In such
systems, the data transmission rates obtainable by a fixed number of subchannels may be
increased merely by broadening the subchannel Bandwidth. For example, one
representative system may include 256 subchannels each of which has a bandwidth that may

be varied in the range of 4.3125 kHz - 34.5 kHz. Of course, the actual ranges may be

20 widely varied in accordance with the needs of a particula. ystem. In one such
arrangement, the system may initially be set up to operate with the subchannels widths each

being at the minimum width. Then, as the system's load increases, the subchanne] widths

may be gradually adjusted as required to handle the increasihg data transmission
requirements. Typically, the bandwidth increasing step would be taken only infrequently

25  and treated as a system upgrade. In other embodiments, the bandwidth may be dynamically

increased and decreased to meet the current data transmission needs of the system.



I ncreased and decreased to neet the current data transm ssion needs of the
system ospfrm3 Al t hough only a few enbodi ments of the pr | avention
have beevrtlodescrlsbed herein, it should be understood that ??fgn%?%@@&ﬁ

i nvention may be enbodied in many ot her specific fornms w thout departing
fromthe spirit or scope of the inventilén. Particularly, the invention has
been described in ternms of an enbodi nent that is backwards conpatible with
5 t he proposed ATIS North -Arerican Asynmetric Digital Subscriber Line

St andar d. Howewdthough onlycafew embedintents oft the présent inventichBaViel b¥enides@ibedl | v
applicable to discrete nulti- tone data transm ssion schenes that are
symmet r i chereinvisishowld beaindenstood that fthe priesent inveatiommmy the @mbodiedrin Manyither
limted to transm ssion schemes having the specific subchannel w dths used
in the despecifisfermswithowtdepartingfromethe spirit on scape of ke inventiopp Partitutarlyather oad
10 range, of transmi ssion schemes. The point is that data can be reliably

transmi t t HyeRHn has been desqribed inderms,of an embadisent thayishagkwands nompatible with
frequenci es t hen ) i QusS helieved to be possible. Further, the
act ua%]nu erBPs"\s%g@ﬂéﬁﬁ%‘l‘E can smqt%ﬁ%ls%ysgbsmbeéﬂ-ynwmm
accordancg with th ds of . rti.,cular system Otep, jt i s desiraple
from an eFIPFV td n&?ﬁ%‘ﬂgﬁﬁ m&f'g% eﬂgv%‘gxﬂ%?‘&\a“}ﬁ &H@Eﬁbi?fm disgrefe.mpiti-

2" requi rolmsus iy SeREs i anf bobitBiic BB e abspufpii B B "

oo clved gty DB b s B I WIS ipbind”
scope of Width$3Rd'H¥He 8bsetiBEd embodiments. Rather, it may readily be applied to a broad
10 range of transmission schemes. The point is that data can be reliably transmitted over
telephone lines in subchannels located at higher ﬂequenciQS' then was previously believed to
be possible. Further, the actual number of subchannels that are available may be widely
varied in accordance with ¢e needs of a particular system. Often, it is desirable from an
efficiency standpoint to define the total number of available subchannels as a integer power
15  of two. However, this is not in any way a requirement. In view of the foregoing, the
present examples are to be cohsidered as i_llustrafive and not restrictive, and the invention is
not to be limited to the details given herein, but may be modified within the scope of the
appended claims.
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transmtter that is suitable for tr dat a over a twsted

pai r conmuni cation line on a nultipI|C|t¥ of subcarrlers havi ng different
frequencies, the transmitter conprising-t&n encoder for encoding digital

I nformati on, the encoder being capable of encoding 5 digital information
at speeds in excess of six negabits per second; a nodul ator for nodul ating
the encoded digital information onto a nultiplicity of subcarriers in a

di screte miN (LAIMSal , each subcarrier corresponding to an associ ated
tone and an associ ated subchannel, wherein the avail able subcarriers for
the discrete multi- tone encoded si naI have,  a caonbi ned bandw dt h of at

| east 1.6 Nez, theisistammit-tone ganympittenthat 1§ suitable dor transmitting digital data over a

consi derat i on | east det ect.ed .line qualit ara rs and a perm ssi bl e
power nask tﬂ?ﬁ%rm commynigatipn,; line oA Wé!‘g s‘@’&ﬁﬁ!ﬁ having, ditferent | v
updati ng b%ﬁg‘%&%&ﬁﬁlﬁa&a{lnnel s _used. and the am)unt of data transmtted on

each subch TEHRORPIBe n order to accommodate real time
changes in specific paraneters; and an adder for appending a cyclic prefix

h f: |
E?aﬁsﬁqiéfﬁﬁef?rﬁ%‘&‘é‘?‘°m%"é‘?%§€# e*?f%%*are%??el%'ﬁ"ﬁ e Shpileisl Enonding,

nodul at or  dipskdl @ B afipeStiGnl exbest &f&ix B £HI gt o subcarriers that
correspond to subchannel s that each have a § WI dt t’hat is in the range
of approximately 4.3125 kHz to 34.5 kHz wrde -18- 3. Atransmtter

as recited in claandnitdr fdraneiitoring @ cobgitinidation lise & datératifle life
encoded digital information onto subcarriers that correspond to subchannel s
that have imlicativiecofanoiséidevels at each of a multiplicity of subchannels, each subchannel

corresponding in frequency to an associated subcarrier;

10 a modulator for modulating the encoded digital information onto a multiplicity of
subcarriers in a discrete multi-tone signal, each subcarrier corresponding to an associated
tone and an associated subchannel, wherein the available subcarriers for the discrete muiti-
tone encoded signal have a combined bandwidth of at least 1.6 MHz, the modulation being
arranged to take into consideration at least the detected line quality parameters and a

15 permissible power mask parameter, and wherein the modulation is capable of dynamic
updating both the subchannels used and the amount of data transmitted on each subchannel

during transmission in order to accommodate real time changes in specific parameters; and

an adder for appending a cyclic prefix to the discrete multi-tone signal before it is
applied to the transmission line.

20

2. A transmitter as recited in claim 1 wherein the modulator modulates the encoded
digital information onto subcarriers that correspond to subchannels that each have a

bandwidth that is in the range of approximately 4.3125 kHz to 34.5 kHz wide.
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5 . Atransmtter ”mm WI"EH“JNIﬁlZCl aim 1 wherein the nodul ator
i's capa ansmtting separate su . 5.
transm Hvﬁﬁégh?em ted in cltai fn 4- wirer ei'n*t he transm ttergﬁg@ggﬁ@o’oe used
in a standard node that utilizes a maxi numof the | ower 256 subchannels and
is conpatible with 10 the ATIS North-Wrerican Asymetric Digital

Subscri ber Lines standard. 6. Atransmtter as recited inclaim 1
wherein the nonitor is capable of detecfing significant line noise and
interference, and when noise is detected, the nodulator is arranged to
transmt the encoded digital information at frequencies above and bel ow the
nost 15 significant noise to facilitate transm ssion of the encoded
digital ddta tmmmmraamacdhmlmgez whg@uvthemoaulamummge&tmodwateﬂmt
six mllion bits per second (6 Mps A transmitter as recited in
claim 1 te€aeoded digitalinforgation mmqhmrs that cepesRend o gubghannglsgthatbaven t o

a renpte | ocat |ont££at Is up to 2000 neters fromthe transmtter, at a rate

of at 20 Vvanablewid mllion bits per second (10 Mps) over a comuni cat i on
line that takes the formof a twi sted pair phone line. 5 APR 1996 -19-
REPLACED 8. A discrete nmulti-tone receiver for receiving a first set of

mul ti-Tone encoded digital information over a conmunication |ine that may
take the formof a twi sted pair conmunication line, the receiver

conprising: a %E’Qﬂ&hﬁﬁe f@é@%ﬂ&%ﬁﬂﬂ&i%&ﬁ}ﬁ%ﬂ@%ﬂu {;isé@sgna '0“

froma nultiplicity arrrers in a crete nmu one

data rat egrahdmitripGaforMhtict on SEXRBAfR ABEhaRRQONd. each subcarrier

correspondi ng to an associ ated tone and an associ ated subchannel ,

5. A transmitter as recited in claim 4 wherein the transmitter may also be used in a
10  standard mode that utilizes a maximum of the lower 256 subchannels and is compatible with
the ATIS North American Asymmetric Digital Subscriber Lines standard.

6. A transmitter as recited in claim 1 wherein the monitor is capable of detecting
significant line noise and interference, and_ when noise is detected by the monitor, the
15 modulator is ai'ranged to transmit the encoded'd.igital information at frequencies above and
below the most significant noise to fﬁcilit_ate traﬁsmission of the encoded digital data

throughout a carrier service area at data rates of at least six million bits per second (6 Mbps).

7. A transmitter as recited in claim 1 that is capable of transmitting the encoded digital
20  information to a remote location that is up to 2000 meters from the transmitter, at a rate of at
least ten million bits per second (10 Mbps) over a communication line that takes the form of

a twisted pair phone line. |
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wher ei n t hgoaxaitgbl e subcarriers for E Eu i ti -torﬁ_-ﬁ%; Ao
signal have a conbi ned bandw dt h of atltllI l Iﬂ I I ,*I he denodu gtlon
bei ng arranged to receive nodul ation inforpation as part of the discrete
multi-tone signal, wherein the denodul at ob%i s capable of 10 dynam cally
updating during reception in response to changed nodul ation information in
order to accommpdate real tine changes in the nodul ati on schene, the
denodul at or 8vei nd\ disergtegoulticione racejyer fas regeiving a firssisetcoff multi-tohe enticsled digital
mul ti-tone signal; a decoder for decodjng the denodul ated digital

i nf or mat i on ipfermation (Gve a gemaENEIRAtions ine dhatoma fake sbe darmsef adwistedi pair
information; and 15, . a nodul atQr, for nodul ati ng the encoded second
set of di gi COmMUuHcationline, thesreeives COMPESIAE city of subcarriers in a second

ML L1 <1 one. I gnal. gorrasbond o 12 cn-acsocl of o oner and. an-ascoct at od

fnlj Ib'f Iha {12 eIe , wher gld%%toﬁgﬁlgquﬁgﬁ %@@3@ g?er "r“&?@"‘f‘g%‘t‘@ H%fr‘:g@ﬁ . ‘?S{bﬁ?fl?'i:'f‘?gg n‘tnlty
Tass han t 16 SoGRErfts B 8 P Byyiabhe BRdal AYAN Pleth i Boedso i Ihes bl bl
cl 21 m 8 wher ool pch SHBARATEARGHnBIgG an afsociaedtoh i iPhseBiad Sibchlipid)
SIXUy Tour SRR sSRRBR dbGirfierd Rt the distrRi¥illitBh GitBled shthal BBV IRiAGY

line to a source. receiver as recited in c ereln

the denpdul dasdwildth bNay lehdtdl.6! NEgz, ahé demod@aBoN befig Artahféd todreceivé - modufation
nmet hod of transmtting digital information froma source over a potentially

noi sy conmmuimforhation asipart of kel disorste naie-totecsigmal, witdreia the\derhadhlqter is capable of
communi cation line using a discrete nulti-tone transm ssion schene having a
mul ti pl 1@i t dyndmit epdatingduriag meceptiondingfiespuinse to changed modulation information in order

to accommodate real time changes in the modulation scheme, the demodulator being

arranged to strip the cyclic prefix from the discrete multi-tone signal;
a decoder for decoding the demodulated digital information in real time;
an encoder for encoding a second set of digital information; and

15 a modulator for modulating the encoded second set of digital information onto a
multiplicity of subcarriers in a second discrete multi-tone signal, each subcarrier in the
second discrete multi-tone signal corresponding to an associated tone and an associated
subchannel, wherein the available subcarriers for the second discrete multi-tone encoded
signal have a combined bandwidth that is significantly less than the bandwidth of the

20  subcarriers that are available to the first discrete multi-tone encoded signal.

9, A receiver as recited in claim 8 wherein the second discrete multi-tone encoded

signal has up to sixty four separate subcarriers and is transmitted over the communication

line to a source.
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i nformation i s encoded and H"’m) ' mul tiplicity of subcarriers,
each sulwenésh correspondi mﬂﬁwamﬁ”m ed tone, the rising
the steps of :ﬁﬁ) nonrt of I g thescofmuni cation |i n‘ﬁ’ggﬁé"?g‘m ne at
| east one line quality paraneter indicative of noise |levels at each of a
multiplicity of subchannels that corres$bnd to associated ones of said
tones; encoding a digital data stream formng a discrete nmulti-tone
encoded signal fromthe encoded digital data stream 15 using a discrete
mul ti-tone nodul ator, wherein the avail able subcarriers for the discrete
mul ti-tone encoded signal have a conbined bandwi dth of at |east 1.6 Mz,

t he encoding and nodul ati on being arranged to take into consideration the
‘detected HPne dumeceiver auresited i claim 8 whergia the dempilulajos furtherdnélugdes @ tinteer |
and wherei,n the dul ati on systemis capable of dynam cally updating both
t he subch&ﬂﬂ@ﬁ“ﬂgégﬁ"and the data transm ssion rate 20 over each
subchannel used during transm ssion in order to acconmobdate real tine
changes in specific paranmeters; appending a cyclic prefix to the discrete
mul ti-tone encoded signal; transmitting the discrete nulti-tone encoded
signal and its cyclic prefix over the comunication line to a renote

the st ops bt 7 Aot of il iR Sitbinhaion oo a B84 e RolcitalRABY ;g
and decodeagimulifRafion ik tHa® aily\akk e tbif of & Wisted Mﬁ&%z@a@ line. @gi{{gtaggd

as recited in claim1l wherein the tones each have a ban
discrete multi-tone transmission scheme having a multiplicity of tones wherein the digital
information is encoded and modulated onto a multiplicity of subcarriers, each subcarrier

corresponding to an associated tone, the method comprising the steps of:

10 monitoring the communication line to determine at least one line quality parameter
indicative of noise levels at each of a multiplicity of subchannels that correspond to

- associated ones of saidl tones;
encoding a digital data stream;

forming a discrete multi-tone encoded signal from the encoded digital data stream
15  using a discrete multi-tone modulator, wherein the available subcarriers. for the discrete
multi-tone encoded signal have a combined bandwidth of at least 1.6 MHz, the encoding
and modulation being arranged to take into consideration the detected line quality
parameters, and a permissible power mask parameter, and wherein the modulation system is
capable of dynamically updating both the subchannels used and the data transmission rate
20  over each subchannel used during transmission in order to accommodate real time changes
in specific parameters;
appending a cyclic ﬁreﬁx to the discrete multi-tone encoded signal;

transmitting the discrete multi-tone encoded signal and its cyclic prefix over the

communication line to a remote location. - -
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| east appr@gidpipsy 4. 3125 kHz wi demnﬂlumlmmw)ﬂllas reci tideiidshdbm 13
wherein up to 512 tones nay be util ale 10 the'use of a
bandw dt h of at | east approximately 3. 208 wz. 15. A nmethod as recited in
one of claims 11 and 14 wherein the nulti-2tone encoding is done in
substantial conpliance with the ATIS Asymmetric Digital Subscriber Lines
standard and wherein the subchannels that occur at frequencies above those
set forth in the standard 15 are treated simlarly to those within the
standard range in terns of subcarrier selection criteria. 16. A nmet hod as
recited in claim 11 wherein when significant noise or interference is

det ect ed duriZng dhmsthadasiresiteddn claim 11dfehersamprisiog thesstepsraf mepeiving thersigmabi t

the data at 2 f requenci es ahove and bel ow the nost signifijicant noise or
i nt er f er enc @t i TERAtE {qcatien apd; dempdulating and 9?@%@6@!81@? trceived @b the remote

t hr oughout Z?c(éﬁrri er service area. -22- 17. A method as recited in
claim 16 wh f%t he data transnission rate over twisted pai r conmuni cati on
lines may be at least ten mllion bits per second (10 Mips) at distances of
up to 2090 neters even in the presence of Tl noise. 5 18. A et hod as
recited 1n claim1ll wherein the communication line is a tw sted pair phone
line, the renpte |ocation may be up to 1500 neters fromthe transmtter,

and the di gitaal dpinduRRYasEcileiaf Sl £HhSkiPttk s oo PindwiR Hat i 4P

mllion bits per second (25 Mips). 1 od as recl

13 further teaBtippfoxitatelies. 312HAWiIRNCOdi ng and nodul ating a second set of
data at the renote |ocation and transmtting the second set of data over

the communi cation |line back to the source on a second discrete nulti-tone
si gnal
14. A method as recited in claim 13 wherein up to 512 tones may be utilized to facilitate
10 the use of a bandwidth of at least approximately 2.208 MHz.

15. A method as recited in one of claims 11 and ;4 wherein the multi-tone encoding is
done in substantial compliance with the ATIS Asymmetric Digital Subscriber Lines standard
and wherein the subchannels that occur at frequencies above those set forth in the standard
15  are treated similarly to those within the standard range in terms of subcarrier selection

16. A method as recited in claim 11 wherein when significant noise or interference is
detected during said monitoring step, the modulator is arranged to transmit the data at
20 frequencies above and below the most significant noise or interference to facilitate

transmission of the encoded digital data throughout a carrier service area.
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having up to sixty four sepa mma“ I'j A nmethod as recited
cl aim 18woissneiTa t he digital ” mmm‘m uwmd set of daperiusoénidaps M t
at a data transmission rate of at leadt %.544 million bits per second.

10

15

22-

'17. A method as recited in claim 16 wherein the data transmission rate over twisted pair

communication lines may be at least ten million bits per second (10 Mbps) at distances of up

to 2000 meters even in the presence of T1 noise.

18. A method as recited in claim 11 wherein the communication line is a twisted pair
phone line, the remote location may be up to 1500 meters from the transmitter, and the
digital data may be transmitted at a rate of at least twenty five million bits per second (25
Mbps).

19. A method as recited in claim 13 further comprising the steps of encoding and
modulating a second set of data at the remote location and transmitting the second set of data
over the communication line back to the source on a second discrete multi-tone signal

having up to sixty four separate tones.

20. A method as recited in claim 18 wherein the digital data in the second set of data is

transmitted at a data transmission rate of at least 1.544 million bits per second.

in
t ed
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