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Abstract

This contribution introduces and evaluates a turbo-coding scheme for VDSL2 systems. The scheme is a Turbo-Trellis Coded Modulation TTCM that makes use of a Parallel Concatenated Convolutional Code (PCCC) [1] including an inner LRI [3] [4] [5] interleaver of ~2044 bits. In the presence of the (255,239) outer Reed Solomon Code but without outer interleaver (fast mode), the new code provides 7.1 dB of average net coding gain, i.e., 2.6 dB of coding gain improvement relative to the standard 16-state 4-dimensional (4-D) trellis code used in current ADSL2 systems [2]. This substantial coding gain leads to increase VDSL2 rate by 38% at 6 kft against SBC conditions [8] [9] [10] with ~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 BPSK constellations at a SNR very close to the Shannon bound. This contribution concentrates on the turbo code features and its performance. Complexity will be addressed in a different paper.

Although the contents of this contribution are provided for information at this time, we recommend to opening an issue to further investigate the benefit inherent to the present TTCM scheme for VDSL2. 

Table of Contents
31 Introduction


32 The Proposed TTCM Scheme



2.1 Generic Scheme (m  2 bits/sec/Hz)
3

32.1.1 Turbo Encoder


42.1.2 Interleaver


42.1.3 Constellation Mapping and Set-Partitioning



2.2 Particular Schemes with Low Spectral Efficiency (m 0.5, 1 and 1.5 bits/sec/Hz)
8


2.2.1 Case m1.5 bits/sec/Hz
8


2.2.2 Case m0.5 and 1 bit/sec/Hz
9

102.3 Scheme summary


113 Simulation Results


113.1 Error Performance


123.2 Coding Gain


133.3 Rate Improvements


153.4 Rate vs. Reach Performance


153.5 Latency


154 Conclusion


165 Summary


166 References




1   Introduction

During ADSL & ADSL2 standardization activities, many Turbo-Trellis Coded Modulation (TTCM) schemes have already been suggested [3] [4] [5], along with several inner interleaving patterns such as the LRI [4] [5]. The aim of this contribution is to collect the most efficient items from TTCM previous proposals, fill up some blanks and come up with a unifying TTCM scheme exhibiting significant coding gain improvement versus the TCM 4-dimension 16–state code, while keeping a small latency and a realistic complexity. We believe the present proposal is close to meeting such requirements.  Indeed, the present TTCM encodes 2 bits per tone like in Catena contribution [3] to limit the complexity. It also makes use of the LRI interleaver suggested by Mitsubishi and Vocal [4] [5]. In the previous TTCM contributions the odd constellations were not clearly addressed. We suggest efficient 3, 5, 7 and 9 bits constellation architectures for TTCM. More over, we introduced for both even and odd higher constellations (supporting more than 8 bits) a recursive construction algorithm largely inspired from the ADSL paradigm. We also introduce a way to benefit from as much loadable bandwidth as possible by allowing to supporting 0.5 bit/sec/Hz of spectral efficiency at signal to noise ratios close to the Shannon bound. 

The remainder of the contribution is organized as follows. Section 2 details the TTCM scheme. We distinguish between spectral efficiency higher than 2 bits/sec/Hz (subsection 2.1) and smaller spectral efficiencies that require a special attention (subsection 2.2). Simulation results are given in section 3.

2   The Proposed TTCM Scheme

The proposed TTCM scheme is a variable-rate multilevel code encoding m information bits per tone. m is also defined as the spectral efficiency (in bits/sec/Hz) of the code. The TTCM scheme 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
[image: image5.wmf]=

0.5 and 1.5. Although using the same core turbo code, which is a binary PCCC, 4 slightly different schemes were designed with respect to the spectral efficiency. The coding scheme has been optimized for each particular case: m
[image: image6.wmf]=

0.5, m
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1, m
[image: image8.wmf]=

1.5 and m
[image: image9.wmf]³

2.

For the sake of simplicity, we divide the description of the overall code in two steps. The generic multilevel scheme, defined for m larger than 2, is given in section 2.1. The remaining values m
[image: image10.wmf]=

0.5, 1 and 1.5 correspond to 3 particular schemes, detailed in section 2.2, that have been optimized separately. 

2.1   Generic Scheme (m 
[image: image11.wmf]³

 2 bits/sec/Hz)

For m larger than 2, the generic TTCM scheme is a rate R
[image: image12.wmf]=

m/(m+ 2) multilevel code encoding an m-bits information word u into an (m+ 2)-bits codeword v. 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, v2, v3, v4) of v. The (m – 2) remaining bits are not coded (vi+2
[image: image13.wmf]=

ui, for 2
[image: image14.wmf]<

i
[image: image15.wmf]<

m). Each codeword v is mapped on a 2-D 2m+2-points QAM constellation.
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Figure 1:  Rate R=m/(m+ 2) generic TTCM scheme (for m
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2)

2.1.1  Turbo Encoder

The rate-2/4 turbo code is systematic, hence v3
[image: image18.wmf]=

u1 and v4
[image: image19.wmf]=

u2. The two bits v1 and v2 are obtained by encoding alternatively the two bits u1 and u2 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. The generator matrix of each component encoder is represented by [1, g(D)], where g(D)
[image: image20.wmf]=

n(D)/d(D) is the generator polynomial of a 16-state convolutional machine (see Fig. 2). The code is optimized for a lowest bit error probability at high SNR, therefore we choose the polynomials n(D)
[image: image21.wmf]=

1+D2+D3+D4
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(27)8 and d(D)
[image: image23.wmf]=

1+D+D4
[image: image24.wmf]=

(31)8 [6]. The bits u1 and u2 are serialized into a stream (u1, u2) fed to the first SRC encoder. The second encoder operates on the interleaved stream (ũ1, ũ2). The output of each SRC encoder, encoding respectively (u1, u2) and (ũ1, ũ2), is given by (y1, y2) and (ỹ1, ỹ2). The overall code rate is reduced by puncturing y2 in the stream (y1, y2) and ỹ1 in the stream (ỹ1, ỹ2). A switch selects alternatively the bits y1 and ỹ2 to form the punctured sequence (y1, ỹ2).  Finally, a Serial-to-Parallel (S/P) converter performs the conversion of the stream (y1, ỹ2) into the coded bits v1 and v2 corresponding respectively to y1 and ỹ2.
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Figure 2:  16-state machine of the (31,27)8 SRC encoder

2.1.2  Interleaver

The TTCM scheme uses a Latin square/rectangular matrix of Random sequence pattern Interleaver (LRI) of size N
[image: image26.wmf]=

2044 bits. Mitsubishi and Vocal introduced the LRI in some TTCM schemes proposed to the G.gen standardization committee [4] [5]. The LRI is obtained from an original 47
[image: image27.wmf]´

44
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2068 bits LRI pruned to 2044 bits. For more details about the generation of the interleaving table, see [5].

Note that the choice of the interleaver size N is totally arbitrary. The particular interleaver size N
[image: image29.wmf]=

2044 has only been chosen to simplifying the programming when concatenating the TTCM with the RS: using any other value of N close to 2044 does not affect the code performance. 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 N. Although increasing the coding gain is always good, the latency may not be increased infinitely. By limiting the code latency to a few DMT symbols, we allow a maximum interleaver size around few thousands of bits. Moreover, the coding gain does not grow linearly with N. For instance, the coding gain improvement that may be expected from using N
[image: image30.wmf]=

4000 instead of N
[image: image31.wmf]=

2000 is not as large a the gain between two schemes with N
[image: image32.wmf]=

2000 and N
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1000. Therefore, a good compromise between coding gain and latency yields an interleaving table composed of approximately 2000 bits. 

2.1.3  Constellation Mapping and Set-Partitioning  

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
[image: image34.wmf]=

2 bits/sec/Hz, requiring using 4-bits QAM constellations. In this section, we focus on constellations with b
[image: image35.wmf]³

4. For b
[image: image36.wmf]=

1, 2 and 3, we use some specific constellation mapping detailed in section 2.2. 

The codeword v is mapped to a 2-D signal set partitioned into 16 subsets (called cosets) labeled by the four bits (v1, v2, v3, v4) encoded by the rate-2/4 turbo code (see Fig. 3). The Minimum Square Euclidean Distance (MSED) between points in the same coset is 16 d02, where d02 is the MSED between points in the unpartitioned constellation. 
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Figure 3:  Coset partitioning

The coset labels in Fig. 3 are obtained by concatenating two ASK signals using a Gray labeling. 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 (v1, v2) 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.
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Figure 4:  16-QAM constellation (b
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4)
For b
[image: image40.wmf]>

4, the labeling of the uncoded bits (v5, v6,
[image: image41.wmf]K

) is not Gray: we use a labeling inspired by ADSL [2]. Fig. 5 illustrates the procedure for constructing large b-bits constellations recursively, starting from the 8-bits constellation. We define a 4
[image: image42.wmf]´

4 block with the same MSB labeling as a subset of the 2-D signal set containing all the 16 signals labeled with the same MSBs (vb-2,
[image: image43.wmf]K

, v5) and the 16 possible combinations of the LSBs (v4, 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 4
[image: image44.wmf]´

4 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
[image: image45.wmf]´

4 block can be easily recovered by combining, for each label, both the LSBs and MSBs in one vector (vb-2,
[image: image46.wmf]K

, v1), which amounts to computing LSB + 16
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n.

For b even and b
[image: image48.wmf]³

8 or for b odd and b
[image: image49.wmf]³

11, a b-bits constellation can be obtained from a (b-2)-bits constellation by replacing each 4
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4 block with the same MSB labeling by a 16
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16 block with new labels generated from the labels of the original 4
[image: image52.wmf]´

4 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
[image: image53.wmf]³

4 or for b odd and b
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7, whereas some particular mapping are used for b
[image: image55.wmf]=

2, 3 and 5. Therefore, in the TTCM scheme, for b even, the recursive formula is valid b
[image: image56.wmf]³

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 b
[image: image57.wmf]³

11, i.e., the 2048-QAM may be generated respectively from the 512-QAM constellation, and so on.
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Figure 5:  Expansion of a 4
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4 block labeling into a 16
[image: image60.wmf]´

16 block labeling

As shown is Fig. 6, for b
[image: image61.wmf]=

5, the shape of the 32-QAM constellation is inspired by the shape of the G.992.1 8-QAM constellation. The shaping of this constellation has been chosen for keeping a MSED intra-coset equal to 16 d02. 

Indeed, we compared the performance of this shaping 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 d02.

An error performance evaluation of the coding scheme with both mappings concluded on the selection of the mapping proposed in Fig. 6.

For b
[image: image62.wmf]<

10, as the constellations cannot be constructed recursively (except for b
[image: image63.wmf]=

8), the constellations are given in Fig. 4, 6, 7 and 8. In Fig. 6 to 8, to simplify the diagrams, we label the constellations with the MSBs only.

For b
[image: image64.wmf]=

6, 8 and 9 (and more), we note that by replacing each 4
[image: image65.wmf]´

4 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.
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Figure 6:  Constellation mapping for b
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Figure 7:  Constellation mapping for b
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Figure 8:  Constellation mapping for b
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7, 8 and 9

2.2   Particular Schemes with Low Spectral Efficiency (m 
[image: image72.wmf]=

0.5, 1 and 1.5 bits/sec/Hz)

The generic scheme given in section 2.1 is not applicable for encoding tones with an SNR below 6.81 dB (AWGN noise assumption + no margin), which represents the SNR required to loading m
[image: image73.wmf]=

2 bits/sec/Hz (see table 2). We propose in this section a range of schemes, adapted to the specific spectral efficiencies m
[image: image74.wmf]=

0.5, 1 and 1.5 bits/sec/Hz, permitting loading tones with a SNR up to 8.27 dB lower than the 6.81 dB limitation of the generic scheme. The particular schemes use the same component turbo encoder than the generic TTCM scheme to encode “all” the bits. However, the coded modulation scheme differs and is optimized for each specific value of m. We detail separately in the next subsections the two cases m
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1.5 and m
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{0.5, 1}.

2.2.1  Case m
[image: image77.wmf]=

1.5 bits/sec/Hz

For m
[image: image78.wmf]=

1.5, 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) than the generic scheme (see section 2.1.1). The rate-1/2 turbo encoder encodes 3 information bits (u1, u2, u3) into 6 bits (v1,
[image: image79.wmf]K

, 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.
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Figure 9:  Rate-1/2 turbo trellis code for m
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Figure 10:  4-D 8-QAM constellation mapping and labeling (b
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3)

2.2.2  Case m
[image: image84.wmf]=

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 between the two schemes is the constellation mapping used for transmitting v1 and v2:

· For 1 bit/sec/Hz, the two encoded bits v1 and v2 are mapped on a 2-D QPSK constellation transmitted over one tone.

· For 0.5 bit/sec/Hz, the encoded bit v1 and v2 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.

The architecture of the PCCC used in Fig. 11 is identical to the original turbo code proposed by Berrou and Glavieux in [1], hence inherit from the particularity of closely approaching the Shannon bound. For a BER of 10-7, the code operates within 1.55 dB of the Shannon bound. 

As in the G.bis standard for ADSL [7], the scheme supports b
[image: image85.wmf]=

1 bit constellations (for m
[image: image86.wmf]=

0.5). Thus, by using a 4-D coded modulation transmitting BPSK constellations, it is possible to load a tone with a SNR 3 dB lower than the SNR required for transmitting QPSK constellations. The drawback being that the spectral efficiency is divided by a factor two. 
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Figure 11:  Rate-1/2 turbo trellis code for m
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0.5 and 1

2.3   Scheme summary

This section summarizes the overall TTCM scheme for all m
[image: image89.wmf]³

0.5:

· A global scheme summarizing Figures 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
[image: image90.wmf]=

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).

· The scheme uses the same 1in-1out redundant bit Turbo-Engine device given in Fig. 13 and that shows up in a dashed box in figures 1, 9 and 11. Therefore, the same encoder-decoder can be used whatever the value of m.

· The constellation mapping 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.
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Figure 12:  TTCM scheme for all m
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Figure 13:  1in-1out Redundant bit Turbo-Engine

Table 1:  Constellation mapping

	Spectral efficiency

(in bits/sec/Hz)
	Constellation mapping
	# of loaded tones per symbol v

	0.5
	BPSK
	2

	1
	QPSK
	1

	1.5
	8 QAM
	2

	m
[image: image93.wmf]³

2
	2m+2 QAM
	1


3   Simulation Results

The error performance of the overall coding scheme (outer RS code + inner TTCM) was simulated over an Additive White Gaussian Noise (AWGN) channel for all the possible spectral efficiencies m<6. The simulation parameters are given in table 2. Note that all the simulations consider no outer interleaving between the two codes.

Table 2:  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-state 4-D trellis code used in ADSL, we simulated also a TCM coding scheme formed by the concatenation of an outer RS code and an inner 16-state TCM (with no outer interleaving). 

3.1  Error Performance

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
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0.5 may be obtained by shifting 3 dB toward the left the performance curve for m
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1. Both the 16 states TCM+RS and the TTCM+RS schemes, the SNR required for transmitting bits with a BER equal to 10-7 is confined in table 3. 

According to the Shannon theory, at large SNRs, it is possible transmit one extra bit each time the SNR is doubled (i.e., increased by 3 dB). For m
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5, we consider the SNR large enough to applying this rule.
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Figure 14:  TTCM+RS error performance for m
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1 to 5 bits/sec/Hz

Table 3:  Loading SNR of TCM and TTCM at 10-7 BER (for m
[image: image99.wmf]<

6)

	Spectral 

Efficiency

(in bits/sec/Hz)
	TCM + RS

Loading SNR

(in dB)
	TTCM + RS

Loading SNR

(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
	-


3.2  Coding Gain

As shown in table 3, the TCM and TTCM schemes do not offer the possibility of transmitting the same spectral efficiency (except for m
[image: image100.wmf]=

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
[image: image101.wmf]=

5 bits/sec/Hz spectral efficiency:

1. Uncoded 32- QAM modulation (dashed)

2. Standard 16 states trellis code (solid)

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

4. Turbo trellis code concatenated with an outer (255,239) RS code (solid + diamonds)

According to Fig. 15, at the BER of 10-7, the net coding gain of the TTCM+RS scheme compared to the uncoded 32-QAM is 7.1 dB, hence 2.6 dB of coding gain relative to the TCM+RS scheme.
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Figure 15:  TCM and TTCM performance curves for 5 bits/sec/Hz spectral efficiency 

3.3  Rate Improvements

In sections 3.1 and 3.2 we compare the performance of the TCM and the TTCM over an AWGN channel. This study 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. The average net coding gain of the TTCM scheme is 7.1 dB, 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 a too rough approximation.  Indeed, the 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. Conversly, 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 improvement that may be obtained by switching from the TCM to the TTCM coding scheme, we propose to compute 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 (Fig. 17 and 18).

The VDSL2 transmission uses frequency range up to 30 MHz, however the way of loading the bandwidth is still not surely defined for frequencies above 12 MHz. Below 12 MHz the bandwidth partition is similar to VDSL. Therefore, we preferred to study the performance of the code using VDSL transmission up to 12MHz. We study a downstream transmission against exchange SBC requirements [8] [9] [10], i.e., using the ceiling mask with a total power of 14.5 dBm given in Fig. 16. The total bandwidth is divided into 2784 tones, with each tone 4.3125kHz wide. 1438 tones are loaded for downstream, which result in a maximum rate improvement of 0.8
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1438
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4 = 4.6 Mbits/sec.
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Figure 16:  Ceiling mask for VDSL downstream 

Fig. 17 and 18 show the SNR and the bit loading of a 3 kft loop and a 6 kft loop under SBC conditions using the ceiling mask given in Fig. 16. 

According to table 4, the rate improvement between TTCM and TCM reaches 3.4 Mbits/sec at 3 kft. At 6 kft the rate improvement is 1 Mbits/sec, which corresponds to 38% of rate improvement relative to the TCM.
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Figure 17:  SNR and bit loading of a 3 kft loop under SBC conditions
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Figure 18:  SNR and bit loading of a 6 kft loop under SBC conditions

Table 4:  Bit rates of 3 and 6 kft loops under SBC conditions

	Loop Length
	TCM + RS
	TTCM + RS

	3 kft
	16.6 Mbits/sec
	20 Mbits/sec

	6 kft
	2.6 Mbits/sec
	3.6 Mbits/sec


3.4  Rate vs. Reach Performance

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 2.75 km. 

At a given rate, we gain approximately 100 meters of reach for loops longer than 2.5 km. 
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Figure 19:  Rate vs. reach performance over AWGN channel

3.5  Latency

Table 5 presents the latency of the TTCM scheme transmitting a downstream signal, with the ceiling mask given in Fig. 16, over an AWGN channel. We remind that the inner interleaver size is 2044 bits. 
For loops shorter than 1 km, more than 1022 tones are loaded. In this case, as each tone 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 0.5 ms.    

Table 5:  Latency of VDSL downstream with ceiling mask 

over AWGN channel (interleaver 2044 bits)
	Loop length
	# of loaded symbols
	Latency
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1 km
	1
	0.5 ms

	from 1 to 2 km
	2
	1 ms
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2.5 km
	3 or more
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1.5 ms


4   Conclusion

The present contribution introduces and evaluates a unifying TTCM scheme for VDSL2 that is based on the most efficient items of TTCM previous proposals [3] [4] [5] for ADSL and ADSL2. Indeed, the present TTCM encodes 2 bits per tone like in Catena contribution [3] to limit the complexity. It also makes use of the LRI interleaver suggested by Mitsubishi and Vocal [4] [5]. Since the previous TTCM contributions did not clearly address odd constellations, we suggest efficient 3, 5, 7 and 9 bits constellation architectures for TTCM. More over, we propose for both even and odd higher constellations (supporting more than 8 bits) a recursive construction algorithm largely inspired from the ADSL paradigm. We also present a way to benefit from as much loadable bandwidth as possible by allowing to supporting 0.5 bit/sec/Hz of spectral efficiency at signal to noise ratios close to the Shannon bound. 

In the presence of the (255,239) outer Reed Solomon code but without outer interleaver (fast mode), the present TTCM scheme 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-D trellis code used in current ADSL2 systems [2]. This substantial coding gain leads to increase VDSL2 rate by 38% at 6 kft against SBC conditions [8] [9] [10] with ~1.5 ms of latency.

5   Summary

This contribution introduces and evaluates a turbo-coding scheme suitable for VDSL2 systems. The scheme is a Turbo-Trellis Coded Modulation TTCM that makes use of a Parallel Concatenated Convolutional Code (PCCC) [1] including an inner LRI [3] [4] [5] interleaver of ~2044 bits. In the presence of the (255,239) outer Reed Solomon Code but without outer interleaver (fast mode), the new code 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-D trellis code used in current ADSL2 systems [2]. This substantial coding gain leads to increase VDSL2 rate by 38% at 6 kft against SBC conditions [8] [9] [10] with ~1.5 ms of latency. 

Although the contents of this contribution are provided for information at this time, we recommend to opening an issue to further investigate the benefit inherent to the present TTCM scheme for VDSL2. 
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