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Reed Solomon Code but without an outer interleaver (fast mode), the method and system provides 7.1 dB of average net coding gain,
i.e., 2.6 dB of coding gain improvement relative to the standard 16 states 4-dimensional (4-D) trellis code used in current ADSL2
systems. The substantial coding gain achieved through the method and system, leads to an increase in the VDSL2 rate by 38% at
6 kft against local exchange carriers, such as ILEC (SBC) conditions with approximately 1.5 ms of latency. By encoding only two
bits per tone (i.e., 1 bit per dimension), the turbo code implementation complexity is kept reasonable. Finally, the coded modulation
scheme supports very small constellations, allowing transmitting spectral efficiency as low as 0.5 bit/sec/Hz over Binary Phase Shift
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Method and System for a Turbo Trellis Coded Modulation Scheme for
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Communication Systems

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. provisional patent application 60/617,680,
filed October 13, 2004 entitled “Turbo Trellis Coded Modulation for VDSL2.”

FIELD OF THE INVENTION

The invention relates general to Discrete multi-tone (DMT) data communication
systems, and more specifically to systems and methods for implementing a Turbo
Trellis Coded Modulation scheme such as for use in VDSL2 and DMT systems.

BACKGROUND OF THE INVENTION

The explosive grovx;th of the Internet has created a demand for high data rates for
business and residential users (SOHO - small office/house office). Because of the
prevalence of twisted pair copper wires in existing telephone networks, much of the
demand must be met by data communication protocols that are adapted to transmit
data over these standard analog plain old telephone systems (POTS) lines. The
need for high-speed access to the home and businesses appears to be ever
increasing due in part to the availability of information, data, high-bandwidth video
and the like from the world wide web. Because of this ever increasing demand,
higher speed modems are required.

Originally data transmission over POTS lines was accomplished using voice/data
modems. These devices modulate data just like voice signals. As a results their
theoretical data transfer speed limit is insufficient to deliver broadband content.
Current voice/data modems appear to have reached a maximum data transfer speed
of up to 56.6K bits/second.

Due to the inadequacy of voice/data modems, the industry looked for new
solutions to delivering high speed data access over existing twisted pair copper
telephone lines. One result of these efforts was the emergence of digital subscriber
line technology (DSL). DSL provides high speed data transmission over relative
short distances of twisted pair lines by utilizing the portion of the available
bandwidth in the twisted pair above the few thousand kilohertz utilized by voice

communications. Because of bandwidth limitation (4 KHz), and power limitation
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of the telephone network, line coding schemes are used to encode digital signals
into analog signals that convey the analog information over the analog telephone
network. The line coding schemes manipulate the analog carrier signal, which has
three attributes, amplitude, phase and frequency. One or more of such attributes
may be manipulated by known modulation techniques such as, for example,
quadrature amplitude modulation (QAM) whereby the carrier signal’s phase and
amplitude is modulated to encode more data within a frequency bandwidth. One
example of a QAM modulation system sends two bits of information per QAM
symbol, where the digital values can be encoded and the corresponding amplitude
and phase can be represented using a constellation. Increasing the constellation
size, that is number of points (bits), will cause the bit density per symBol to

increase, and hence achieve higher data rates.

An upper limit on this process of constellation mapping stems from the fact that as
the constellation size increases, the granularity of the phase and the amplitude
difference between different constellation points diminishes, making it increasingly
difficult to decode the constellation points, especially in the presence of noise. One
way of circumventing this problem is to increase the Euclidean distance between
symbols by employing trellis coding. Trellis coding is particularly well suited for
this because it is bandwidth efficient, since the symbol rate and required bandwidth
is not increased. As noted above, as the constellation size gets bigger, the problem
of detecting a constellation increases due to the greater symbol density increases.
Therefore, a way of counter-acting the effects the short Euclidean distance between
symbols is to partition the quadrature amplitude modulated signal into subsets,

thereby creating an acceptable Euclidean distance between symbols.

In a typical DSL system, data from a personal computer or other equipment at the
customer premise (CPE) is sent to a transmitter which arranges the data into frame
packets; the packetized signal is then quadrature amplitude modulation encoded
and error encoded using trellis encoding to improve the noise immunity using a
convolutional coder to select a sequence of subsets in a partitioned signal
constellation. A numerical symbol vector is trellis encoded. The trellis encoding
starts with the most significant symbol and ends with the least significant symbol of

the vector, a process which employs convolutional encoding that converts the input
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., symbol to another symbol and then maps the encoded symbol to its corresponding

16 QAM signal constellation point.

Trellis-coded modulation (TCM) is a well-established technique in digital
communications. A turbo code combines binary component codes (which typically
include trellis codes) with interleaving. A turbo code is primarily composed of
parallel concatenated convolutional codes (PCCCs) implemented by two or more
constituent systematic encoders joined through one or more interleavers. The input
information bits are fed through a first encoder and, after having been scrambled by
the interleaver, enter a second encoder. A code word of a parallel concatenated
code consists of the input bits to the first encoder followed by a parity check bits of
both encoders. The suboptimal iterative decoding structure for such a code is
modular, and consists of a set of concatenated decoding modules — one for each
constituent code — connected through an interleaver identical to the one in the
encoder side. Each decoder performs weighted soft decoding of the input
sequence. PCCCs yield very large coding gains at the cost of a reduction in the
data rate and/or an increase in bandwidth. Convergence analysis of iterative
decoding algorithms for turbo codes has received much attention recently due to its
usefulness in predicting code performance, and its ability to provide insights into
the encoder structure and help with the code design. Turbo trellis coded modulation
(TTCM), conjoins Ungerboeck's signal space partition with turbo coding to achieve
significant coding gains without increasing bandwidth. The performance of TTCM
schemes depends on the Euclidean distances between sequences of symbols rather
than the Hamming distance of the underlying binary codes, the structure of TTCM
schemes is more complex and difficult to analyze. Hence the convergence analysis
is even more important for TTCM in order to facilitate the design and comparison

between schemes.

Because the Euclidean distance between symbols points is a paramount feature of
the QAM signal, and since the discrete multi-tone modulation scheme employed by
some of the high data rate systems such as DSL requires transmitting of at least
three DMT symbols per tone, there is a need to use more efficient Trellis codes in

DMT.
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SUMMARY OF THE INVENTION

In view of the need to employ more efficient Trellis codes in DMT, various
embodiments of the invention may provide an improved turbo trellis coded
modulation that makes use of a parallel concatenated convolutional code including

an inner LRI interleaver.

Various embodiments of the invention may provide a method and apparatus for
encoding data bits in DMT modulation system utilizing a Turbo Trellis encoder in
order to achieve further improvement in the achievable coding gain by employing
coset partitioning, bit conversion, and constellation encoding that fit the DMT

modulation.

At least one embodiment of the invention may provide a method of performing
turbo trellis coded modulation (TTCM) on an n bit information word in a DMT
system. The method of performing turbo trellis coded modulation (TTCM) on ann
bit information word in a DMT system according to this embodiment may
comprise passing at least one least significant bit of the n bit information word into

a redundant bit turbo-engine to generate an m bit code word, wherein passing the

“one or more information bits into the redundant bit turbo-engine comprises splitting

the at least one least significant bit into duplicate first and second serial data
streams, passing the first serial data stream through a first systematic recursive
encoder and passing the second serial data stream through a second systematic
recursive encoder preceded by an interleaver, alternatively selecting bits output
from the first and second systematic recursive encoders to form an m-bit serial data
stream, converting the m-bit serial data stream into the m-bit code word through
serial to parallel conversion, appending the m-bit code word to the n bit
information word at the least significant bit position to create an (n+m) bit
codeword v, and preparing the codeword v for transmission over a communications

channel.

At least one additional embodiment of the invention may provide a redundant bit
turbo engine apparatus for performing turbo trellis coded modulation (TTCM) on
an n bit information word in a DMT system. The redundant bit turbo engine

apparatus for performing turbo trellis coded modulation (TTCM) on an n bit
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information word in a DMT system according to this embodiment may comprise
first and second serial data paths that each receive a duplicate serial data stream
comprised of at least one least significant bit of the n bit information word, wherein
the first serial data path comprises a first systematic recursive encoder, and the
second serial data path comprises a second systematic recursive encoder preceded
by an interleaver, and a switch adapted to alternatively select bits output from

the first and second serial data paths to form an m-bit serial data stream

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention can be understood more completely by reading the following
Detailed Description of the Preferred Embodiments, in conjunction with the

accompanying drawings figures.

FIG. 1 is a rate generic Turbo Trellis Coded Modulation scheme according to at
least one embodiment of the invention;

FIG. 2 is a 16 state machine systemic recursive convolutional encoder according to
at least one of the embodiment of the invention;

FIG. 3 is a 2-D signal partitioned into 16 cosets according to at least one
embodiment of the invention;

FIG. 4 is a 16 quadrature amplitude modulation with b=4 according to at least one
embodiment of the invention;

FIG. 5 is an expansion of 4*4 labeling into a 16*16 block labeling according to at
least one embodiment of the invention;

FIG. 6 is a constellation mapping for b =5 according to at least one embodiment
of the invention;

FIG. 7 is a constellation mapping for b = 6 according to at least one embodiment
of the invention;

FIG. 8 is a constellation mapping for b =7, 8 and 9 according to at least one
embodiment of the invention;

FIG. 9 is a Turbo Trellis encoder with‘a half rate turbo trellis code form = 1.5
according to at least one embodiment of the invention;

FIG. 10 is a 4-D 8 quadrature amplitude modulation constellation mapping and
labeling with b=3 according to at least one embodiment of the invention;

FIG. 11 is a Turbo Trellis encoder with a half rate turbo trellis code for m = 0.5

and 1 according to at least on embodiment of the invention;
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FIG. 12 is a Turbo Trellis Coded Modulation scheme for all m according to at least
one embodiment of the invention;

FIG. 13 is a one-in, one-out redundant turbo engine according to at least one
embodiment of the invention;

FIG. 14 is a bit error rate versus signal-to-noise ratio curves for Turbo Trellis
Coded Modulation plus a Reed Solomon scheme for BER performance form =1,
1.5, 2, 3, 4 and 5 bits/second/Hz according to at least one embodiment of the
invention;

FIG. 15 is a comparison between TTCM+RS versus TCM+RS schemes for 5
bits/sec/Hz spectral efficiency according to at least one embodiment of the
invention;

FIG. 16 is a graph of frequency versus transmit power for downstream transmission
using the ceiling mask with a total power of 14.5 dBm according to at least one
embodiment of the invention;

FIG. 17 is a pair of graphs illustrating SNR and bit loading across the tone
spectrum of a 3K foot loop under SBC conditions according to at least one
embodiment of the invention;

FIG. 18 is a pair of graphs illustrating SNR and bit loading across the tone
spectrum of a 6K foot loop under SBC conditions according to at least one
embodiment of the invention; and

FIG. 19 is graph of data rate versus loop length over an AWGN channel according
to at least one embodiment of the invention.

DETAILED DESCRIPTION

The following description is intended to convey a thorough understanding of the

invention by providing a number of specific embodiments and details involving the
Trellis code in the DMT physical layer for further performance enhancement
techniques. Various improvements and modifications to the preferred
embodiments will become apparent to those skilled in the art, and the general
principles defined herein may be applied to other embodiments. Therefore, the
present invention is not limited to the specific embodiments shown and described,

but interpreted to a larger scope consistent with the novel features disclosed herein.

Table 1.1 below is a list of acronyms used in the disclosure:
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Table 1.1 - Acronyms Used

ADSL Asymmetric Digital Subscriber Line

ASK Amplitude Shift Keying

AWGN Additive White Gaussian Noise

TTCM Turbo Trellis Coded Modulation

LRI Latin square/rectangular matrix of Random sequence pattern
Interleaver

PCCC Parallel Concatenated Convolutional Codes

QAM Quadrature Amplitude Modulation

LSB Least Significant Bit

MSB Most Significant Bit

SNR Signal to Noise Ratio

S/P Serial-to-Parallel

SRC Systematic Recursive Convolutional

MSED Minimum Square Euclidean Distance

BPSK Binary Phase Shift Keying

QPSK Quadrature Phase Shift Keying

BER Bit Error Rate

VDSL Very High (date rate) Digital Subscriber Line

As discussed above, in at least one embodiment of the present invention, a Turbo
Trellis coding modulation scheme with a variable-rate multilevel code encoding m
information bits per tone is provided, where m is also defined as the spectral
efficiency (in bits/sec/Hz) of the code. The TTCM scheme according to this
embodiment is designed to transmit b-bits QAM signals, where b is an integer
varying from 1 to 15 (or more). Consequently, the scheme must support all integer
values of m up to 13 (or more), as well as the two specific spectral efficiencies
m=0.5 and 1.5. Although using the same core turbo code, which is a binary
PCCC, 4 slightly different schemes were designed in respect to the spectral
efficiency. The coding scheme has been optimized for each particular case:
m=0.5,m=1, m=1.5 and m>2. For the sake of simplicity, the description of the

overall code is divided in two steps. The generic multilevel scheme, defined for m




WO 2006/044427 PCT/US2005/036604

[0037]

[0038]

[0039]

larger than 2. The remaining values m=0.5, 1 and 1.5 correspond to 3 particular

schemes, that have been optimized separately

Referring now to Figure 1, a generic TTCM scheme with m >2 bits/second/Hz.
For m larger than 2, the generic TTCM scheme is a rate R =m/(m+2) multilevel
code encoding an m-bits information word u into an (m+2)-bits codeword v is
illustrated. As shown in Fig. 1, the two least significant bits (LSB) (u1, u2) of u are
encoded by a rate-2/4 turbo encoder into the 4 LSBs (v1, v3, v3, v4) of v. The (m—2)
remaining bits are not coded (v;+2=1u;, for 2 <i<m). Each codeword v is mapped on

a 2-D 2™2.points QAM constellation.

According to another embodiment of the present invention, and in reference to
Figure 2, there is shown a 16-state machine of an systematic recursive
convolutional encoder (SRC). The rate-2/4 turbo code is systematic, hence vz =
and v4=u,. In various embodiments, the two bits v; and v, are obtained by
encoding alternatively the two bits u; and u, with a rate-1/2 binary PCCC formed
by the parallel concatenation of two identical rate-1/2 binary Systematic Recursive
Convolutional (SRC) encoders separated by an interleaver. In various
embodiments, the generator matrix of each component encoder may be represented
by [1, g(D)], where g(D)=n(D)/d(D) is the generator polynomial of a 16 states
convolutional machine (see Fig. 2). In various embodiments the code may be
optimized for a lowest bit error probability at high SNR, therefore the polynomials
nD)= 1+D*D*+D*=(27); and d(D)=1+D+D*=(31)g are chosen. The bits #; and
uy are serialized into a stream (u1, u;) and fed to the first SRC encoder. The second
encoder operates on the interleaved stream (i1, #i;). The output of each SRC
encoder encoding respectively (u1, u,) and (i, ) is given by (y1, y2) and (71, 7).
The overall code rate is reduced by puncturing y, in the stream (y1, y2) and j; in the
stream (1, §»). In various embodiments a switch selects alternatively the bits y;
and y, to form the punctured sequence (31, ,). Finally, a Serial-to-Parallel (S/P)
converter performs the conversion of the stream (y1, J,) into the coded bits v; and v,

corresponding respectively to y; and j.

In various embodiments, the TTCM scheme uses a Latin square/rectangular matrix

of Random sequence pattern Interleaver (LRI) of size N=2044 bits. The LRI is
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obtained from an original 47x44=2068 bits LRI pruned to 2044 bits. However, it
should be appreciated that the choice of the interleaver size N is totally arbitrary.
The particular interleaver size N=2044 has only been chosen to simplify the
programming when concatenating the TTCM with the RS. Using any other value
of N close to 2044 does not affect the code performance. Furthermore, it is well
known that the interleaver size drives both the error correction performance (i.e.,
the coding gain) and the code latency: they both increase with V. Although
increasing the coding gain is always good, the latency may not be increased
infinitely. Therefore, by limiting the code latency to a few DMT symbols, the
maximum interleaver size of around a few thousands bits may be used. Moreover,
the coding gain does not grow linearly with N. For example, the coding gain
improvement that may be expected from using N=4000 instead of N=2000 is not
as large a the gain between two schemes with N=2000 and N=1000. Therefore, a
good compromise between coding gain and latency yields an interleaving table

composed of approximately 2000 bits.

The overall TTCM scheme is designed to load all type of b-bits QAM
constellations with b integer and varying from 1 to 15 bits (or more). The
minimum spectral efficiency supported by the generic scheme is m =2 bits/sec/Hz,
requiring to use 4-bits QAM constellations. In an embodiment of the present
invention, constellations with 5>4 are employed. In reference to Figure 3, the
codeword v is mapped to a 2-D signal set partitioned into 16 subsets (called cosets)

labeled by the four bits (v1, 2, v3, v4) encoded by the rate-2/4 turbo code. The

* Minimum Square Euclidean Distance (MSED) between points in the same coset is

16 d,2, where d,” is the MSED between points in the un-partitioned constellation.
The Coset labels shown in Fig. 3 are obtained by concatenating two ASK signals
using a Gray labeling.

Referring now to FIG. 4, as an example, Fig. 4 presents the labeling of the 16-
QAM formed by two 4-ASK signals. In this case, each coset is composed of only
one point. The bits (v, v,) are mapped to the y-axis and the bits (v3, v4) are mapped
to the x-axis. Using this partitioning simplifies the complexity of the decoder, since
the metric calculation can be reduced to the computation of only 1-D distances. For
b >4, the labeling of the uncoded bits (vs, vs,...) is not Gray: we use a labeling as
relates to ADSL [2].
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Fig. 5 illustrates the procedure for constructing large b-bits constellations
recursively, starting from the 8-bits constellation. A 4x4 block is defined with the
same MSB labeling as a subset of the 2-D signal set containing all the 16 signals
labeled with the same MSBs (Vp.2,..., vs) and the 16 possible combinations of the
LSBs (v, v3, v2, v1). As shown in the left part of Fig. 5 and according to the set
partitioning presented in Fig. 3, a subset with the same MSB labeling is indeed a 2-
D square block of 4x4 labels. The block may be separated in two sub-blocks "n"
and "LSB" containing the MSBs and LSBs, respectively. Knowing n and LSB, the
original 4 x4 block can be easily recovered by combining, for each label, both the
LSBs and MSBs in one vector (vs.2,..., V1), which amounts to computing LSB +
16xn. For b that is even and »2>8 or for an odd b and 5>11, a b-bits constellation
can be obtained from a (b-2)-bits constellation by replacing each 4 x4 block with
the same MSB labeling by a 16 x 16 block with new labels generated from the
labels of the original 4 x4 block by following the procedure given in Fig. 5.

The recursive pattern applied to higher significant bits "n" is identical to the one
used in ADSL, hence the shape of a b-bits constellation is similar to the shape of a
G.992.1 (b-4)-bits constellation. In ADSL, the recursive formula for generating
larger constellations is valid for b even and b >4 or for b odd and b >7, whereas
some particular mapping are used for =2, 3 and 5. Therefore, in the TTCM
scheme, for b even, the recursive formula is valid 5= 8, i.e., the 256-QAM may be
generated from the 64-QAM constellation, and so on. Similarly, for b odd, the
recursive formula is valid for 5211, i.e., the 2048-QAM may be generated
respectively from the 512-QAM constellation.

In another embodiment of the present invention, and in reference to Figure 6, for
b=>5, the shape of the 32-QAM constellation is inspired by the shape of the G.992.1
8-QAM constellation which is incorporated by reference, the shaping of this
constellation has been chosen for keeping an MSED intra-coset equal to 16 dy>. The
performance of the shaping is in comparison with the shaping of the G.992.1 5-bits
constellation. Considering that all the constellations are normalized to a unitary
energy, the distance between points in the G.992.1 5-bits signal set is obviously
larger than in the 32-QAM constellation shown in Fig. 6. However, using the
(G.992.1 5-bits constellation requires changing the coset partitioning in Fig. 3 by a

partitioning with a MSED intra-coset equal to 8 do>. An error performance
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evaluation of the coding scheme with both mappings concluded on the selection of

the mapping proposed in Fig. 6.

For 5 < 10, as the constellations cannot be constructed recursively (except for b=8),
the constellations are given in FIGS 4, 6, 7 and 8. In FIGS. 6 to 8, to simplify the
diagrams, the constellations are labeled with the MSBs only. For 5=6, 8 and 9
(and more), by replacing each 4 x4 block with the same MSB labeling by a single
label (as shown in Fig. 8), a b-bits constellation is identical to a G.992.1 (b-4)-bits
constellation. For example, in Fig. 8, the MSB block labeling of the 9-bits
constellation is exactly the same as the labeling of the 5-bits constellation used in
the G.992.1 trellis code.

The generic scheme shown in Figure 1 above, is not applicable for encoding tones
with an SNR below 6.81dB (AWGN noise assumption + no margin), which
represents the SNR required to loading m =2 bits/sec/Hz (see table 2). Therefore,
the method and system of the present invention proposes in a range of schemes,
adapted to the specific spectral efficiencies m=0.5, 1 and 1.5 bits/sec/Hz,
permitting loading tones with a SNR up to 8.27 dB lower than the 6.81dB
limitation of the generic scheme. These particular schemes use the same
component turbo encoder as the generic TTCM scheme to encode “all” the bits.
However, the coded modulation scheme differs and is optimized for each specific

value of m. Two cases m=1.5 and m={0.5, 1} are detailed separately below:

For case m=1.5 bits/sec/Hz, as m is not integer, the TTCM scheme uses a 4-D
coded modulation. As shown in Fig. 9, the scheme uses the same component turbo
encoder (in the dashed box) as the generic scheme discussed in the context of FIG.
1. The rate-1/2 turbo encoder encodes 3 information bits (u1, u2, u3) into 6 bits

(v1,..., v6) mapped on a 4-D signal set formed by two identical 2-D 8-QAM

. constellations. The pair of 2-D QAM is then loaded on two distinct tones. The

shape of the 8-QAM constellation and the labeling of the 4-D signal set are detailed
in FIG. 10.

For case m=0.5 and 1 bit/sec/Hz, as shown in Fig. 11, the encoder used for
transmitting 0.5 and 1 bit/sec/Hz is exclusively composed of the rate-1/2

component turbo encoder (dashed box) defined in 2.1.1. The only difference
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between the two schemes is the constellation mapping used for transmitting v, and

V2.

For 1 bit/sec/Hz, the two encoded bits v; and v, are mapped on a 2-D

QPSK constellation transmitted over one tone.

For 0.5 bit/sec/Hz, the encoded bit v; and v, are mapped on two separate
BPSK constellations transmitted over two different tones. Hence,
considering 2 dimensions per tone, we use a 4-D BPSK

modulation for transmitting 0.5 bit/sec/Hz.

[0049] The architecture of the PCCC used in FIG. 11 is identical to the original turbo code
proposed by Berrou and Glavieux in C. Berrou, A. Glavieux and P. Thitimajshima,
"Near Shannon limit error-correcting coding and decoding: Turbo-codes," in Proc.
IEEE ICC, pp. 1064-1070, May 1993, and hence inherit from the particularity of
closely approaching the Shannon bound. For a BER of 107, the code operates
within 1.55dB of the Shannon bound.

[0050] As in the G.bis standard for ADSL, “ITU-T Recommendation G.992.3 (07/2002) —
Asymmetric digital subscriber line transceivers 2 (ADSL2)”, the scheme supports
b=1 bit constellations (for m=0.5). Thus, by using a 4-D coded modulation
transmitting BPSK constellations, it is possible to load a tone with a SNR 3dB
lower than the SNR required for transmitting QPSK constellations. A drawback to
this is that the spectral efficiency is divided by a factor two.

[0051] The overall TTCM scheme for all 2 >0.5 is described as follows: A global scheme
summarizing FIGS. 1, 9 and 11 is given in FIG. 12. The bit stream coming from
the outer RS code is separated into two streams (uncoded and turbo-coded). For
each tone (or pair of tones if m=0.5 or 1.5), the bits to symbol converter forms a
symbol v by selecting the bits from each stream according to the tone’s spectral
efficiency m (which is determined knowing the SNR per tone). The symbol v is
mapped to a b-bits constellation, where b depends on m (see table 1.2). The scheme
uses the same one/in-one/out redundant bit Turbo-Engine device given in FIG. 13
and that shows up in a dashed box in FIGS. 1, 9 and 11. Therefore, the same

encoder-decoder can be used whatever the value of m. The constellation mapping
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[0053]

[0054]

uses either 1 or 2 tones per symbol v, in respect of m. For each value of m, table 1

gives the constellation mapping and the number of tones used to map one symbol v.

Table 1.2 - Constellation Mapping

Spectral efficiency Constellation # of loaded tones
(in bits/sec/Hz) mapping per symbol v
0.5 BPSK 2
1 QPSK 1
1.5 8QAM 2

m>2 2"2QAM 1

The error performance of the overall coding scheme (outer RS code + inner TTCM)
was simulated over an Additive White Gaussian Noised (AWGN) channel for all
the possible spectral efficiencies m<6. The simulation parameters are given in
Table 1.3. Note that all the simulations consider no outer interleaving between the

two codes.

Table 1.3 - Simulation Parameters

FEC type Proposed TTCM+RS
Outer code (255,239) RS code
Outer interleaver none
Inner code TTCM
Inner interleaver LRI (2044 bits)
Inner decoder MAP (8 iterations)
Coded modulation QAM (1 to 15 bits)
Channel model AWGN

In order to compare the performance of the proposed TTCM scheme with the
current 16 states 4-D trellis code used in ADSL, a TCM coding scheme formed by
the concatenation of an outer RS code and an inner 16 states TCM (with no outer

interleaving) is simulated.

FIG. 14 presents the BER vs. SNR curves for a TTCM+RS scheme with m equal to
1,1.5,2, 3,4 and 5. Note that the performance curve for m=0.5 may be obtained

by shifting the performance curve for m =1 3 dB toward the left. Both the 16 states
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TCM+RS and the TTCM+RS schemes, the SNR required for transmitting bits with
a BER equal to 107 is confined in Table 1.4. According to the Shannon theory, at
large SNRG, it is possible transmit one extra bit each time the SNR is doubled (i.e.,
increased by 3dB). For m>5, we consider the SNR large enough to applying this

rule.

Table 1.4 - Loading SNR of TCM and TTCM at 10”7 BER (m<6)

Spectral TCM + RS TTCM + RS
Efficiency Loading SNR Loading SNR
(in bits/sec/Hz) (in dB) (in dB)
0.5 - -1.46
0.75 3.70 -
1 - 1.55
1.5 6.71 4.67
2 - 6.81
2.5 11.69 -
3 - 11.27
3.5 14.50 -
4 - 14.03
4.5 17.88 -
5 - 17.22
5.5 21.14 -

As for the coding gain, and as shown in Table 1.4, the TCM and TTCM schemes
do not offer the possibility of transmitting the same spectral efficiency (except for
m=1.5). Therefore, the net coding gain between the two schemes cannot be
obtained straightforwardly. However, the TCM scheme can support integer
spectral efficiencies when using a 4-D constellation formed by a pair of 2-D b-bits
and (b+1)-bits constellations. As an example, FIG. 15 shows the simulated bit
error performance of four different coding schemes for m =5 bits/sec/Hz spectral
efficiency. The following legend is used to interpret the results displayed in the
Figure.

1. Uncoded 32-QAM modulation (dashed);

2. Standard 16 states trellis code (solid);
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[0057]

[0058]

[0059]

3. Standard 16 states trellis code concatenated with an outer (255,239) RS
code (solid + triangles); and
4. Turbo trellis code concatenated with an outer (255,239) RS code (solid

+ diamonds).

According to FIG. 15, at the BER of 107, the net coding gain of the TTCM+RS
scheme compared to the uncoded 32-QAM is 7.1 dB, which, is 2.6 dB of coding
gain relative to the TCM+RS scheme.

Another aspect of the invention concerns the rate improvements. The sections
above dealing with error performance and coding gain compare the performance of
the TCM and the TTCM over an AWGN channel. This comparison provides a
good estimate of the average net coding gain, which can help in the calculation of
the maximum rate improvement achievable by using a TTCM instead of the current
TCM. In various embodiments, the average net coding gain of the TTCM scheme
is 7.1dB, i.e., 2.6 dB coding gain relative to the current TCM16+RS code, which

corresponds to the possibility of loading an extra 0.8 information bit per tone.

However, considering that every tone may be increased by 0.8 bit is too rough an
approximation. Indeed, the current maximum number of coded bits that may be
loaded per tone is limited (15 bits in ADSL). Therefore, when the SNR per tone is
far larger than the SNR required for loading the largest constellation, which occurs
at low frequencies, some tones may not benefit from the 0.8 bit expansion as the
size of the constellation used without TTCM is already saturated. Conversely, for
small spectral efficiencies, the coding gain of the TTCM relative to the TCM is
larger than 2.6 dB, hence some tones with a low SNR may benefit from more than

0.8 bit expansion.

In this section, in order to get a more realistic estimate of the rate of improvement
that may be obtained by switching from the TCM to the TTCM coding scheme, one
embodiment of the current invention computes the bit loading (i.e., the rate
performance) of both schemes over a DMT channel loading different size
constellations according to the SNR per tone. In all simulations, we consider a 6
dB SNR margin. We analyze two examples considering a specific VDSL
transmission over 3 and 6 kft loops (FIGS. 17 and 18). The VDSL2 transmission
uses frequency range up to 30MHz, however, the way of loading the bandwidth is
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[0061]

still not surely defined for frequencies above 12 MHz. Below 12 MHz the
bandwidth partition is similar to VDSL. Therefore, the experimental results
focused on the performance of the code using VDSL transmission up to 12 MHz.
Downstream transmission was studied against exchange SBC requirements LB-
023. SBC, “VDSL2 Service Provider Requirements”, Leuven, Belgium, June 14,
2004, LB-097R2. Ad Hoc Convenor, “G.vdsl2: Add-hoc session report”, Leuven,
Belgium, June 17, 2004, and T1.PP.424-2004, “Interface between Networks and
Customer Installation Very-high-bit-rate Digital Subscriber Lines (VDSL) Metallic
Interface (DMT-based)”, i.e., using the ceiling mask with a total power of 14.5dBm
given in FIG. 16. In this case, the total bandwidth is divided into 2784 tones, with
each tone 4.3125 kHz wide. 1438 tones are loaded for downstream, which results in
a maximum rate improvement of 0.8 x 1438 x4 = 4.6 Mbits/sec. FIG. 17 and 18
show the SNR and the bit loading of a 3K foot loop and a 6K foot loop under
exemplary source provider specifications, e.g., SBC (ILEC) defined conditions
using the ceiling mask given in FIG. 16. According to Table 1.5, the rate
improvement between TTCM and TCM reaches 3.4 Mbits/sec at 3kft. At 6kft the
rate improvement is 1 Mbits/sec, which corresponds to 38% of rate improvement
relative to the TCM.

Table 1.5 - Bit Rates of 3K and 6K foot loops under SBC Conditions

Loop Length TCM + RS TTCM + RS
3 kit 16.6 Mbits/sec 20 Mbits/sec
6 kft 2.6 Mbits/sec 3.6 Mbits/sec

As far as the rate vs. reach performance is concerned, FIG. 19 shows the rate versus
reach performance obtained by transmitting a VDSL signal using the ceiling mask
given in FIG. 16 over an AWGN channel. The performance is given for a loop
length varying from 1 to 2.75km. At a given rate, through the various
embodiments of the invention, a gain of approximately 100 meters of reach for

loops longer than 2.5km was realized.

As far as latency is concerned, Table 1.6 below represents the latency of the TTCM
scheme transmitting a downstream signal, with the ceiling mask given in FIG. 16,
over an AWGN channel. The inner interleaver size remained at 2044 bits. For

loops shorter than 1km, more than 1022 tones are loaded. In this case, as each tone
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can load up to 2 bits coded by the turbo component encoder, a turbo-coded block is
contained in 1 DMT symbol, i.e., the latency is reduced to 0.5ms.

Table 1.6 - Latency of VDSL D/S with Ceiling Mask over AWGN Channel

Loop length # of loaded Latency
symbols
<1 km 1 0.5 ms
from 1 to 2 km 2 1 ms
>2.5km 3 or more >1.5 ms

[0062] Therefore, in at least one embodiment of the present invention, a unifying TTCM
scheme for VDSL2 that is based on the most efficient items of TTCM previous
proposals, such as, Catena Networks, Inc, "G.gen.bis: A Turbo TCM scheme with low
decoding complexity," ITU standard contribution, Study Group 15 Question 4/15, BI-
090, Bangalore, India, Oct. 2000, Vocal Technologies Ltd, ITU standard contribution,
Study Group 15 Question 4/15, Documents BA-020R1 and HC-073, 2000, and
Mitsubishi Electric Co, "G.gen: Proposal for inner-interleaver of TTCM (PCCC),"
ITU standard contribution, Study Group 15 Question 4/15, BA-088R1, Antwerp,
Belgium, Jun. 2000 for ADSL and ADSL2 is introduced and evaluated. The present
TTCM encodes 2 bits per tone as in the Catena reference to limit the complexity.
Various embodiments of the invention also make use of an LRI interleaver, e.g. as
suggested by the Mitsubishi and Vocal references. Since the previous TTCM
contributions did not clearly address odd constellations, various embodiments of the
current invention propose efficient 3, 5, 7 and 9 bits constellation architectures for
TTCM. Moreover, various embodiment of the current invention propose for both
even and odd higher constellations (supporting more than 8 bits) a recursive
construction algorithm related to the ADSL paradigm. Various embodiments also
present a way to benefit from as much loadable bandwidth as possible by supporting
0.5 bit/sec/Hz of spectral efficiency at signal to noise ratios close to the Shannon

bound.

[0063] In the presence of the (255,239) outer Reed Solomon code but without outer
interleaver (fast mode), the present TTCM scheme according to various

embodiments of the invention has been demonstrated to provide 7.1 dB of average



WO 2006/044427 PCT/US2005/036604

[0064]

net coding gain, i.e., 2.6 dB of coding gain improvement relative to the standard 16
states 4-D trellis code used in current ADSL2 systems, International
Telecommunication Union (ITU), "Draft new recommendation G.992.1:
Asymmetrical digital subscriber line (ADSL) transceivers", July 1999. This
substantial coding gain leads to increase VDSL2 rate by 38% at 6 kft against SBC
conditions with ~1.5 ms of latency, LB-023. SBC, “VDSL2 Service Provider
Requirements”, Leuven, Belgium, June 14, 2004, LB-097R2. Ad Hoc Convenor,
“G.vdsl2: Add-hoc session report”, Leuven, Belgium, June 17, 2004, and
T1.PP.424-2004, “Interface between Networks and Customer Installation Very-
high-bit-rate Digital Subscriber Lines (VDSL) Metallic Interface (DMT-based)”.

The embodiments of the present inventions are not to be limited in scope by the
specific embodiments described herein. For example, although many of the
embodiments disclosed herein have been described with reference to systems and
methods for performing turbo trellis coded modulation (TTCM) in xDSL
transceivers, the principles herein are equally applicable to other aspects of signal
processing. Indeed, various modifications of the embodiments of the present
inventions, in addition to those described herein, will be apparent to those of
ordinary skill in the art from the foregoing description and accompanying drawings.
Thus, such modifications are intended to fall within the scope of the following
appended claims. Further, although some of the embodiments of the present
invention have been described herein in the context of a particular implementation
in a particular environment for a particular purpose, those of ordinary skill in the art
will recognize that its usefulness is not limited thereto and that the embodiments of
the present inventions can be beneficially implemented in any number of
environments for any number of purposes. Accordingly, the claims set forth below
should be construed in view of the full breath and spirit of the embodiments of the

present inventions as disclosed herein.
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CLAIMS

L. A method of performing turbo trellis coded modulation (TTCM) on an n bit

information word in a DMT system comprising:

passing at least one least significant bit of the n bit information word into a
redundant bit turbo-engine to generate an m bit code word, wherein passing the at least one
information bits into the redundant bit turbo-engine comprises splitting the at least one least
significant bit into duplicate first and second serial data streams, passing the first serial data
stream through a first systematic recursive encoder and passing the second serial data stream
through a second systematic recursive encoder preceded by an interleaver;

alternately selecting bits output from the first and second systematic recursive
encoders to form an m-bit serial data stream;

converting the m-bit serial data stream into the m-bit code word through serial
to parallel conversion; ‘

appending the m-bit code word to the n bit information word at the least
significant bit position to create an (n+m) bit codeword v; and

preparing the codeword v for transmission over a communications channel.

2. The method according to claim 1, wherein n is also the spectral efficiency of
the turbo trellis coded modulation.

3. The method according to claim 2, whereinn > 2.

4, The method according to claim 3, wherein 2 least significant bits are passed to
the redundant bit turbo-engine to generate a 2 bit code word and the 2 bit codeword is
appended to the least significant bit position of the n bit information word to create a 2+n bit
codeword v.

5. The method according to claim 4, wherein preparing the codeword v for
transmission over a communications channel comprises mapping the codeword v onto a 2
dimensional 2*** points QAM constellation.

6. The method according to claim 1, wherein the interleaver is a Latin
square/rectangular matrix of random sequence pattern interleaver (LRI) with a size = 2044
bits.

7. The method according to claim 5, wherein the constellation mapping
comprises mapping to at least a 4 bits QAM constellation.

8. The method according to claim 5, wherein mapping the codeword v onto a 2

dimensional 2™ points QAM constellation comprises mapping the codeword v to a 2



WO 2006/044427 PCT/US2005/036604

dirhensional signal set partitioned into 16 cosets labeled by the four least significant bits of
the codeword v.

9. The method according to claim 7, wherein the MSED between points in the
same coset is 16 dy°, where dy? is the MSED between point in the unpartitioned constellation.

10.  The method according to claim 8, wherein the constellation is ab = 4 bits
QAM (16 QAM) constellation and each coset is formed by a single constellation point.

11.  The method according to claim 8, wherein the constellation is a b > 4 bits

2% points and is determined by the turbo coded

QAM constellation, each coset is formed by
bits only, and the coset labels are obtained from a square lattice with MSED dy* between
points that is constructed by duplication a 4x4 pattern obtained when the constellation is a 4
bits QAM such that the MSED between points with the same label remains equal to 16 do’.

12.  The method according to claim 2, whereinn = 1.5

13.  The method according to claim 12, wherein 3 least significant bits are passed
to the redundant bit turbo-engine to generate a 3 bit code word and the 3 bit codeword is
appended to the least significant bit position of the 3 bit information word to create a 6 bit
codeword.

14.  The method according to claim 13, wherein preparing the (n+m) bit code word
for transmission over a communications channel comprises mapping the (n+m) bit codeword
onto two identical 2 dimensional 8-QAM constellations and loading the two 2 dimensional 8-
QAM constellations onto two distinct tones such that the 8 constellation map points 000, 100,
110,010, 011, 111, 101 and 001 are at x-y locations {2,1}, {1,2}, {-1,2}, {-2,1}, {-2,-1}, {-
1,-2}, {1,-2} and {2,-1} respectively.

15.  The method according to claim 2, wherein n equals either 1 or Y.

16.  The method according to claim 15, wherein the one least significant bit is
passed to the redundant bit turbo-engine to generate a 1 bit code word and the 1 bit codeword
is appended to the least significant bit position of the 1 bit information word to create a 2 bit
codeword.

17.  The method according to claim 16, wherein preparing the (n+m) bit code word
for transmission over a communications channel comprises, if n = %, performing a 4
dimensional (two 2-D) mapping of the (n+m) bit codeword onto two separate BPSK
constellations on two distinct tones, otherwise, if n = 1, performing a 2 dimensional mapping
of the (n+m) bit codeword onto a 2 dimensional QPSK constellation on a single tone.

18. A redundant bit turbo engine apparatus for performing turbo trellis coded

modulation (TTCM) on an n bit information word in a DMT system comprising:
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first a;ld second serial data paths that each receive a duplicate serial data
stream comprised of at least one least significant bit of the n bit information word, wherein
the first serial data path comprises a first systematic recursive encoder, and the second serial
data path comprises a second systematic recursive encoder preceded by an interleaver; and

a switch adapted to alternately select bits output from the first and second
serial data paths to form an m-bit serial data stream.

19.  The apparatus according to claim 18, further comprising a serial to parallel
converter for converting the m-bit serial data stream into an m-bit code word,;

circuitry adapted to append the m-bit code word to the n bit information word
at the least significant bit position to create an (n+m) bit codeword; and

a constellation mapper for mapping the (n+m) bit codeword on to at least one
tone to prepare the (n+m) bit code word for transmission over a communications channel.

20.  The apparatus according to claim 19, wherein n is also the spectral efficiency
of the turbo trellis coded modulation.

21.  The apparatus according to claim 20, wherein n > 2.

22.  The apparatus according to claim 21, wherein the first and second serial data
paths are adapted to receive a duplicate serial data stream comprised of 2 least significant bits
of the n bit information word.

23.  The apparatus according to claim 22, wherein the constellation mapper is
adapted to map the (n+m) bit code word onto a 2 dimensional 2™ points QAM constellation
on a single tone. |

24.  The apparatus according to claim 18, wherein the interleaver is a Latin
square/rectangular matrix of random sequence pattern interleaver (LRI) with a size = 2044
bits.

25.  The apparatus according to claim 20, wherein n = 1.5

26.  The apparatus according to claim 25, wherein the first and second serial data
paths are adapted to receive a duplicate serial data stream comprised of 3 least significant bits
of the n bit information word and to each generate a 3 bit serialized code word.

27.  The apparatus according to claim 25, wherein the constellation mapper is
adapted to map the (n+m) bit code onto two identical 2 dimensional 8-QAM constellation
mappings of the and to load the two pairs of 2 dimensional 8-QAM constellations onto two
distinct tones.

28.  The apparatus according to claim 20, wherein n equals either 1 or %a.
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29.  The apparatus according to claim 28, wherein the first and second serial data
paths are adapted to receive a duplicate serial data stream comprised of one least significant
bit and to each generate a 1 bit code word.

30.  The apparatus according to claim 20, wherein the constellation mapper is
adapted to perform a 4 dimensional (two 2-D) mapping of the (n+m) bit codeword onto two
separate BPSK constellations on two distinct tones if n= Y%, and to perform a 2 dimensional
mapping of the (n+m) bit codeword onto a 2 dimensional QPSK constellation on a single

toneifn=1.



WO 2006/044427

PCT/US2005/036604
1/19
Vm+2
u, 2
Vs
Uy .
. Vs 2D
- 2™z QAM
- Mapping
PIS | prmoomoTommeeTTTTT 1 |
T § Y v
S Uy, U, SRC Ya: ) : 2 2
: "1 encoder 1 ~ i
) Yas Vi S/P
i | Interleaver i
l | v
i SRC E Vi "
I o~ ~ -~
! 172 i encoder 2 Vs D1 E
]

Figure 1: Rate R=m/(m+2) generic TTCM scheme (for m=2)

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427 PCT/US2005/036604

21719

Y

e?2: 16 states machine of the (31,27)s SRC encoder

Figur

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427

PCT/US2005/036604
3/19
2 6 14 10 | 2 14 10
3 7 15 11} 3 15 1
1 5 13 9 1 13 9
o 4 12 8 | 0 12 8
—P
2 6 14 10| 2 14 10
3 7 15 11| 3 15 11
1 5 13 9 1 13 9
o 4 12 8 |0 12 8

SUBSTITUTE SHEET (RULE 26).

Figure 3: Coset partitioning




WO 2006/044427

PCT/US2005/036604
4/19

12 g8 “r O 4

1 10 00 L.

14 10 4 2 6

15 1 3 7

Figure 4: 16-QAM constellation (b=4)

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427

4x4

ook (. 5Vs)
2 6 14 10

(Vg5 - vvx)\

3 7 15 1
1 5 13 9
0 4 12 8
(V4,V3,V2,Vl)

PCT/US2005/036604

5/19

if

16x16
block

/' Ve o W)

(V4>v3svzsvl)

Figure 5: Expansion of a 4x 4 block labeling into a 16x 16 block labeling

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427

Figure 6: Constellation mapping for 5=35

A
+18 2
119 23
177 21 13 94+ 1 5
6 20 12 8+ 0 4
o 1‘4 10 | 2 6 a‘o 2 g
15 11+3 7 31 27
29 25 +
28 24 1

6/19

(%)

PCT/US2005/036604

23

(visws)

SUBSTITUTE SHEET (RULE 26)




PCT/US2005/036604

w.: = ."w
LT
e

WO 2006/044427

7719

(W)

=6

ion mapping for b

Constellat

Figure 7

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427 PCT/US2005/036604

8/19

Figure 8: Constellation mapping for 5=7, 8 and 9

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427 PCT/US2005/036604

9/19

&£
>~

RS
o
\ 4

i
o= |
U U U U > S . ,préayz,yl E - vi= o
| |
|

c s W Yo Vi o)y Vo

Inaleaver

e re——

anoder 2 _.5,]5,3,5;25)1

3
&1
3
=
A4

i
SC IS
i
}
I

Figure 9: Rate-1/2 turbo trellis code for m=1.5

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427

1*tone  (v,v,,v,)

A
1o, |, 100
010 000
° -+ +1 .

‘-]2 -x1 +]1 +'2 g
011 ° T * 001
111°  T% * 101

Figure 10

SUBSTITUTE SHEET (RULE 26)

10/ 19

PCT/US2005/036604

2nd tone (V3a Vs, vﬁ)

A

110 100
* 4 +2 [
010 000
. ++1 'y
2 y Mmoo o2
] -+ -1 ]
011 001
1 T?% * 101

: 4-D 8-QAM constellation mapping and labeling (b=3)



WO 2006/044427 PCT/US2005/036604

11/19
& Yo

:”""“““""_""“”“"""'"“""7

' }

I' -~ SRC N ]

! "1 encoder 1 5

! V,
 Interleaver : l
|

i }
L . SCco {
o encodker2 | |

| ! {

]

Figure 11: Rate-1/2 turbo trellis code for m=0.5 and 1

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427

PCT/US2005/036604

12/ 19
Uncoded bits _
From -
Outer Bits to ‘ 1
Code /  Coded bits | B LV | Consteliation
Ll Symbol » Ma .
Converter PPIng |
1in-1out
» Redundant bit >
Turbo-Engine
T T

Figure 12: TTCM scheme for all m

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427 PCT/US2005/036604

13/19

- E
|

7 L sRC y |
} | encoder 1 !
1 ~. |
i Interleaver . { ->
| |
L |  SRrC |
| e » e ]
} u encoder 2 ¥ i
!
1 |
| [

Figure 13: lin-leut Redundant bit Turbo-Engine

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/036604

WO 2006/044427

14/ 19

4 bifsfseciHz

]
g

il
)
]
=2
B
P

1
H
'

SNR (dB)

its/sec/Hz

1to5Shb

TTCM+RS error performance for m

igure 14:

F

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/036604

WO 2006/044427

15/19

____m__ l

=
<
Q
N
©
°
@
2
Q
5]
c
2
i
i
I3
:

+] —— TCM16 + RS
—o— TTCM + RS

aeka
h
1

R }
- mevepmmmecccsceraovevsiaccunadannesnnand

o/N, (dB)

E

its/sec/Hz spectral efficiency

TCM and TTCM performance curves for 5b

15

igure

F

SUBSTITUTE SHEET (RULE 26).



PCT/US2005/036604

WO 2006/044427

16/19

T T 1 1 T T T T T T T
' ' . . . ' ' . ' , .
H 1 1 ' 1 ' | H ' I i
s ) H 1 . H 1 H 1 : H
1 1 H H ' 1 | ' ) H H
h | H ' H ' 1 ) H . |
h ' H H ' H 1 1 ‘ ; I
B | H H 1 ' \ ) H ' .
|||||| u!lhlllFlivIIl.llllllLll'!l!Lllllllbllll!lFll'..IvrlllllLvllllelllllx—ll -~
i h 0 . 1 ' I X ¢ f i
H h h . . . H ) ‘ H H
' H i . H ' ' 1 ' H 1
' ' H H H H : 1 H ! .
H H H H ' ' N 1 : H 1
' ) ' s ' H ' ' ' ' s
H ) H H ' : h ' ' H 1
' ) ' H ' H ) ' H 1 1
' H ) : ' ' s ‘ ] : ‘
bmeven P R, ———— Amm——— L P S A Ammmm [0 -
H H v } H H H H H ) H
H ) H H f ; H v ' H H
\ i ' ) H H ' ' | 1 H
' 1 X | 1 ' H ‘ i ¢ |
' ' ' 1 1 . H H ' h '
. | B V | ' H ' ' H 1
h 1 H H H H ; H i H 1
' | H H H H H : i H B
o e m dmmmmm Lo memmal L A EE Ry i A ! S Hemmmmn R P T
. h v v | d v f ) 1 i
. ' ' | H : . B H ‘ \
H i ‘ ' ) 1 i ) i H
1 1 ) | ' : i H =+
- + T T '
I v T N T ¥ H ' ) h
1 ' . ‘ : H H ' H |
H ' H 1 : | H ' H i
H | H . i H ) > s '
SRR I PR ———— L S E——— LS, [ e [ Ammnm Fy—
v H | y H 1 y H H i
H H H . H H H . H 1
H . ' H H H . H H |
| ' H . ; ' h H f )
H H h ' H H i H H H
H H H ) H H |
t + 1 t H h h ) i
. ' ) i . H . : ) 1
e -+ -« p—————————————— - - e e R Aemmn Gemmnnm U
¥ * 0 0 d h h 1 d f
) ' H . h ' H | H f
H H H ) 1 H . H H H
H ' h H H H ' 1 H H
h H H | H H ' 1 f H
H ' H h H ' B ) . h
| H . i ' 1 . H . H
' H h H H ' ) ' H s
. H : ) ' 1 : | . s
............ R T T o U AR ORRE SO RURE SRR
: H H H H H H H h H
. 3 H H ’ ' H H f \
i H ; f H | i | H {
v ' ) H H | H H f \
H H H 1 H \ . H . \
. : : H ) | ' H . 1
\ H : H H
0 0 T a I H
T LT Tt AR S R RS S S estupmpymses-y T r———— ~
: h v i . H v h ? H
' f H . . h H . H .
' ' H I ' ’ i H '
' ' . ' | . i ' '
i H H i H H H H \
hH 1 H H H . ' h .
' ' . i H f ' i '
) ' H H 1 ' H H
et | . 3 H . b | :
TR PO | O SR I S, P [— e . KIS . ]
' ' : H . ¢ H T
' 1 H i ' v v H '
s i ' \ H [ s H H . H
H H H . . H
n + 0 n > d ' ‘ ' H }
' ' H H ) ' ' ' ' H )
\ H ' H 1 ' i ' ' ' )
' 1 i ) 1 1 H | ; : )
..... B Caaatals e TS USSR IOr SIPSI SUPRRS RO UL AU SR SN
3 v Y i ' : T > . 1
H H H H H H | . H )
\ H h H H | 1 ' ‘ s
h H H H ' . 1 . H i
. . H H H ' I | H H 3
i i H ' H ' \ . . H H
' . ' H H ' I . ' ' )
| H H H H H 1 H H H H
b : . . 3 S SR R (R SR Y
+ + + + + b : _ d 3
H H H 1} H y . ‘ '
e 0 Q 0 0 d 1 1 ' H H
i ‘ . f H ' H H H H H
: ‘ . H . H | ' i H H
H ‘ : H ' ) ’ V H 1 '
' H H H V H H H h . )
H | H H 1 H H H H H H
H H : : 1 ) H | | : H
SN AL SR L EJN N DR R J -
: T T ) ' H p v ' Y v
. \ ' . H i H H | . I
i : ' N H H H H : B 1
I s \ ' ' H H 1 ‘ . 1
. 1 : H : ' H 1 ' : H
H | H H ) H H H : . H
' 1 H : 1 H H f H . 1
+ + : L ! i i I t |
T} o n [=) [re) [=] 75 [=} [re) [=3 %)
0w ©w (=} ~ ~ [~} (=<3 (=2 [+ (=3 (=]
¥ g v v v v T v g - -
v [

(zH/wgp) Jemod ywsuer |

2006 3000 4000 5000 6000 7000 800G 9000 10000 11000
Frequency (kHz)

1000

Ceiling mask for VDSL downstream

gure 16

Fi

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/036604

WO 2006/044427

17/19

veeee TCM
— TTCM

s it | USSR SRR

|||||||||||||||||||||||||||||||||||||||||||||

10[--+eeeee

(@p) UNS

—

auo] Jad spig uopew.ou|

1400

1800 2000

1600

600 800 1000 1200
Tone Number

400

200

SNR and bit loading of a 3 kft loop under SBC conditiens

Figure 17

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427 PCT/US2005/036604

18/19
T o R i . -
= |
Z A VR TR U SN N FUUUR N S ARSI VUSROSt SRR _
o'
= :
1753 i
- SN ._--_......n._4........_..._.-_..-_._.L-.-_._.-.__J:......_._.__x....‘..__...g._..-.......l. .......... ﬂ
i i i i ] i 1
10 T T
T T T T T I oM
o ; — TTCM
c ;
o 8 an .‘.....—..._.....-...: ---------------------------------------------------------------------------------------------------- o
= k :
o) H
o ;
.‘% 6 """ b el 1: """""" FEmmmmmmm—— { Siadialaiaiiiniedeiiei it wiei qeesemm s b St il diaded Saflalalaiaiatafaiail romememmse b |
& |
= :
= 4 ......................................................................................................................... -
©
£
(o)
T S S e A M S SR -
ol . i i ] i ] i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Tone Number

Figure 18: SNR and bit loading of a 6 kft loop under SBC conditions

SUBSTITUTE SHEET (RULE 26)



WO 2006/044427 PCT/US2005/036604

19/19

45 .

Rate {Mbits/sec)

Loop Length (km)

Figure 19: Rate vs. reach performance over AWGN channel

SUBSTITUTE SHEET (RULE 26)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

