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EXECUTIVE SUMMARY 

In the MUSE project, various deployment scenarios, Access Platforms and First-Mile 
technologies are subjected to a number of studies. Subproject D focuses on high-speed 
access technologies that apply to FttX scenarios, where the available bandwidth per 
subscriber ranges from VDSL speeds (10 Mb/s and up) to Fast Ethernet speeds (100 Mb/s).  

The first versions of the Access Solution prototypes have become available, and in order to 
report on the results of the developments, MUSE deliverables DD2.2 through MD2.4 present 
the results of the different prototypes. This milestone, DD2.2 presents the designs of the 
VDSL solutions that were proposed in SPD: 

- VDSL over Optics (VDSLoO). This document focuses on the DSL aspects of this 
technology. For the optical feeder technology involved, the reader is referred to 
deliverable 2.3 on Optical Access Technologies. 

- Advanced VDSL Algorithms. In order to extend the lifetime of copper access 
networks to the maximum, a large research effort is currently put into improving the 
bandwidth –reach product of DSL lines. This study surveys current solutions, and 
tries to improve the applied algorithms. 

- In addition, an SHDSL solution for transporting Ethernet across SDH for small and 
medium enterprises is presented. 

To capture the main outcome of these studies, the following conclusions can be drawn. 

VDSL over Optics - A system for transmitting analogue VDSL signals over a sub-carrier 
multiplexed optical transmission system was presented.  The performance of which is 
currently achieving up to ~69% data transmission efficiency of the VDSL signals over 
unamplified fibre lengths of up to 45km with 4 VDSL signals being transmitted simultaneously 
in individual sub-carriers. 

Advanced VDSL Algorithms  - The performed simulations clearly identify the gains with 
respect to rate/range for different algorithms - spectra coordination, signal coordination and 
advanced coding schemes. The gains that are obtained from the spectra coordination are 
modest (<10%), depending on factors such as whether all lines apply spectra coordination or 
not, topology, etc. The gains in the case of signal coordination are significant (up to 90% 
downstream and up to 400% upstream). This applies mainly to distances up to 1km, so the 
goal of 1.5km to 2km has not been reached either. With respect to the turbo-coding, the 
improvements are applicable only for the AWGN. Simulations show that turbo codes are 
vulnerable to the impulse noise and since crosstalk, impulse noise, etc. are the main limiting 
factors in case of DSL, this solution is not practical. The requested target has not been 
reached, either. 

DSL for Small and Medium Enterprise  Applications -  In this document a proposal for 
business customer is discussed to combine the installed base SDH technology with SHDSL 
for Ethernet transport of 10 Mbit/s via parallel bonding. 

The used Bonding Match to the Ethernet over SDH approach: This solution has the 
advantage that an end to end management over the complete Ethernet path is possible 
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which makes it much more simpler for an operator to find the root cause in case of a problem 
in the network. Besides this also the required Ethernet/ SHDSL modem is defined in details. 
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1. INTRODUCTION 

In the MUSE project, various deployment scenarios, Access Platforms and First-Mile 
technologies are subjected to a number of studies. Subproject D focuses on high-speed 
access technologies that apply to FttX scenarios, where the available bandwidth per 
subscriber ranges from VDSL speeds (10 Mb/s and up) to Fast Ethernet speeds (100 Mb/s).  

In deliverable D2.1: “Options for fibre Access”, an extensive overview was given of available 
and emerging technologies that to a smaller or larger extend meet these requirements. Some 
approaches that can provide promising features were introduced in that deliverable as well. 
These technologies are studied further in detail in SPD, and prototypes are developed for 
individual testing, as well as in integrated trials.  

The first versions of these prototypes have become available, and in order to report on the 
results of the developments, MUSE deliverables DD2.2 through MD2.4 present the results of 
the different prototypes. 

This milestone, DD2.2 presents the designs of the VDSL solutions that were proposed in 
SPD: 

- VDSL over Optics (VDSLoO) 

- Advanced VDSL Algorithms 

In addition, an SHDSL solution for transporting Ethernet across SDH for small and medium 
enterprises is presented. 

This document presents the prototypes of the different solutions, and the first results that 
have been obtained. Evaluations of the lab trials (DD4.3) involving the prototypes presented 
here will become available at the end of Phase I of the project. 
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2. SUB-CARRIER MULTIPLEXING OF VDSL SIGNALS OVER OP TICS 

VDSL carried over a fibre to the cabinet (or curb) optical access network provides a low cost, 
rapidly deployable solution to a staged FTTH deployment.  Carrying VDSL enables maximum 
compatibility with the legacy copper access network with the minimum of equipment and 
installation costs in the customer premises.  Key issues in the hybrid VDSL/FTTx solution are 
the power and equipment requirements for the cabinet or curb based access multiplexers.  
Simple deployment of DSLAMs in the loop with traffic in the optical layer being carried over 
higher layer protocols are one solution, although the expense and power requirements of 
cooled cards in the cabinet may be difficult to justify.  The sub-carrier multiplexing techniques 
detailed here aim to provide a simple low-power interface between the VDSL signals and the 
optical domain whilst keeping the DSLAMs at the central office.  A detailed description of 
concept and features of the proposed solution is covered by deliverable D2.1 [1, ch. 4.6]. 
This section focuses on the DSL aspects of this technology. For the optical feeder 
technology involved, the reader is referred to deliverable 2.3 on Optical Access 
Technologies. 

2.1 Overview of the scheme 

The work focuses on the optical to electronic terminations in the CO and DP (OLT and ONU 
respectively).  The block diagram of the concept of VDSLoO is depicted in .  The CO DSLAM 
interfaces with N Ethernet terminals to produce N VDSL signals.  With currently available 
technology, the data transmission rates are in excess of 100MBps symmetrical (for example, 
both Metalink and Ikanos offer chipsets with 150/105 Mbps capability over >300m of UTP).  
The VDSL signals to be transmitted by the OLT or the ONU are each assigned a distinct 
carrier frequency and up-converted using an analogue mixer.  The assigned frequencies all 
fall within the available bandwidth of the optical transmitter.  The up-converted signals are 
passively combined and applied to the modulation input of the optical carrier.  Preferably the 
carrier will consist of a directly modulated Fabry- Perot or VCSEL type semiconductor laser, 
both of which provide a low cost solution.  The optical signal is transmitted over the optical 
network and received by the ONU/OLT. The received signal is then analogue down-
converted to separate the individual VDSL signals which can then be re-transmitted over the 
remaining copper plant to the CPE. 

 

Figure 1: VDSL over optics concept 

2.2 Outline of the implementation 

A schematic of the architecture for use in the DP is shown in .  This scheme is aimed at 
providing a FTTC solution, where the copper plant length would not be expected to exceed 
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60 to 100m and so falls within the distance limitations for full line rate operation of VDSL 
modems (typically 150/105 Mbps up/downstream over ~300m).  At the DP, each of the 
incoming signals is filtered to separate the upstream and downstream signals (so preventing 
feedback which would lead to crosstalk).  

 

Figure 2: DP-ONU architecture 

In the current example, this is shown as being achieved by passive filtering, although 
alternative techniques are under consideration that do not constrain on the useable band-
plan.  Such techniques as transformer hybrids, directional couplers, active electronic 
circulators and active electronic directional couplers have all been under consideration for 
this purpose.  The split signal is then up-converted to its distinct carrier frequency and 
combined with the other up-converted signals.  A similar method is used at the CO receive 
end to reconvert the optical signal to its constituent VDSL tributaries (as shown in ).  The 
optical interfaces depicted in these figures are of BiDis, these are packaged combinations of 
laser (usually FP) and photodiode that permit duplex operation of the optical signals.  These 
and alternative technologies are under consideration in this work package. 

 

Figure 3: CO-OLT architecture 
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Not shown in the two architectural figures are the complementary (downstream) signal 
multiplexing and demultiplexing assemblies.  These operate in an identical way although in 
the China band plan implementation they use high-order low pass filters to remove the 
upstream signal. 

2.2.1 Features 

In the currently proposed architecture, each DP/OLT combination will support a maximum of 
25 customer signals, to be carried over a single optical wavelength.  Combining multiple 
wavelengths, for example in a CWDM or DWDM network scenario, in combination with 
space division multiplexing would enable full scalability of this scheme to access networks of 
reasonable size.  For example, considering 25 users per optical channel path, we can use 
the full 16 CWDM channels in combination with a 25-fibre bundle in the primary feeder 
(assuming a linear network topology) to provide connections to 10000 end users.  This 
implementation is further compatible with ring-type topologies, this is verified through the 
inter-compatibility excercises conducted as part of deliverable DD2.5. 

2.3 Design methodology and results 

2.3.1 Overall Construction 

As shown in the above schematics, the construction of the circuits for each channel comprise 
four parts: a CO downstream transmitter, a CPE downstream receiver, a CPE upstream 
transmitter and a CO upstream receiver.  These sections link in the manner shown above to 
split and re-combine each of the VDSL signals.  The circuits are repeated for each channel 
and combined and split appropriately prior to the optical interfacing.  The following sections 
detail some of the design aspects of these systems. 

2.3.1.1 First Prototype 

In the first prototype, signal splitting has been implemented in passive filters and up/down 
conversion through the use of four-quadrant multipliers. Two of the circuits are shown in  and 
, these highlight the main constituent parts of the system that are each discussed in the 
following sections. 

 

Figure 4: CO downstream pass transmitter 
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Figure 5: CPE downstream pass receiver 

2.3.1.2 Second prototype 

For reasons that are outlined in section 1.3.2, the first prototype is less than optimal.  As 
such, a second prototype has been developed and is shown in . The design incorporates an 
improved up/downstream splitter design, as described in section 1.3.2.6. The effect of this 
incorporation is to provide a measured downstream-upstream isolation of >70dB and an 
upstream-downstream isolation of >21dB (when working into its nominal impedance) across 
the frequency range of the China 138-8500 signal.  This incorporation also provides for a 
band-plan agnostic architecture. 

 

Figure 6: Second prototype circuit design (CO inter face) 

2.3.2 Directional signal splitting techniques 

The OLT and ONU needs to interface between the VDSL line signal, which is a frequency 
division multiplexed duplex signal, and the optical transmission line, which although is 
duplexed in the optical path; the upstream and downstream signals do need to be separated 



 
Project Deliverable 

IST - 6th FP 
Contract N° 507295  

 

D D2.2 – VDSL Solutions 16/52 Public 

 

to avoid crosstalk. Various methods are available to achieve this signal splitting and they are 
outlined below. 

The first implementation contains a high and low pass filter combination. This restricts the 
band plans to the two-band China band plan schemes.  For a true band-plan agnostic 
solution, the subsequent prototypes will contain alternative splitting technologies, which are 
discussed. 

2.3.2.1 Filters 

Filtering of the signals is the most obvious solution although the nature of the filters will be 
strongly dependent on the band frequency allocations within the band plan.  shows three 
frequency allocations for popular band plans, these form part of the ANSI standard [1] and 
are supported by other bodies (ETSI/ITU-T/IEEE). 

 

Figure 7: Bandplan frequency allocation 

The first plan of  refers to an implementation of the China band plan. One characteristic of 
this plan is that the upstream and downstream signals are each allocated for only one 
frequency band; it is therefore relatively simple to filter the two using analogue filters.  In the 
first practical circuit implementation this has been achieved through the use of 10th order 
Chebychev filters (shown schematically in  and ), so chosen because of the sharpness of the 
cut-off frequencies  and  show the measured filter characteristics and their effect on the 
VDSL signals, where the selected band plan was the China 138-8500.  This has a maximum 
downstream data rate of 37Mbps and an upstream rate of 30Mbps.  Insertion loss of the 
passive filters was ~6dB with a maximum of ~3dB of in-band ripple, which is characteristic of 
the Chebychev filter design. 

Clearly the use of high/low pass filters is restricted to the two band China schemes, which 
are popular in certain chipsets (particularly in QAM modems). A multiple band frequency 
plan, such as those shown in , are more popular, particularly within the DMT modem 
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community and those shown are the two dominant 997 and 998 type plans. Implementing a 
splitting circuit with passive filters for the 997/998 band plan would be possible, but would 
require multiple band pass filters and therefore be extremely impractical. Also, due to the 
wide variety of plans available the filters would need to be designed for each plan. 

 

Figure 8: 10 th order high pass Chebychev characteristics and filt ered downstream signal 

 

Figure 9: 10 th order high pass Chebychev characteristics and filt ered upstream signal 

2.3.2.2 Directional couplers 

Directional couplers are well understood transformers that have the characteristic of 
extremely high isolation between the through path and the coupled path, they can be 
considered as essentially three port devices (for simplicity) with a low loss path between the 
primary and the through port (typically a fraction of one dB) and a small fraction of the power 
from the primary port being coupled to a third port (typically -10 to -20dB).  The third port and 
the through port are well isolated. 
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Within the context of this work, they may be used with the primary port connected to the 
modem end of the signal (within the DP or OLT) and the through and coupled ports being 
used for the transmitted and received signals respectively.  Although the operation of these 
devices is essentially applicable to the requirement, it is thought that the high loss inherent to 
the coupled port makes them inappropriate and their use will no longer be considered. 

2.3.2.3 Hybrid transformers 

Hybrid transformers work in a similar way to the directional couplers, except the inherent 
coupling loss between the input and the two coupled ports is ~6dB.  As such they are a more 
practical solution to the design under consideration.  During the course of this work these 
have been considered practically. 

2.3.2.4 Magic Tees 

Magic Tee's also operate in a similar way to the Hybrid transformers, with the added 
advantage of being able to support directional amplification in each port, potentially leading 
to a lossless solution. It is thought that these have little advantage over active circulators and 
couplers (below), they are still under consideration. 

2.3.2.5 Active Circulators 

Active circulators are an operational amplifier based circuit design as shown in  (see, for 
example, [2]).  They are the electronic equivalent of optical circulators and offer potentially 
very low loss in the through paths with very high reverse isolation. 

 

Figure 10: 3-port electronic circulator 

Electronic circulators perform more that the application requires, particularly as full three-port 
circulation is unnecessary.  Ideally the circuit must only perform directional coupling with high 
isolation between the coupled ports and low loss to the main port. 

2.3.2.6 Active directional couplers 

These circuits have the ability to route signals with high isolation.  They can be used for 
example to route signals to and from the modem or line connection.  Unlike the electronic 
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circulators of the previous section, they do not require such a fine balance between the 
feedback and line resistance, although some balancing is assumed.  The circuit, shown in , 
sets up an effective Wheatstone bridge with the resistance ZT balancing the line resistance. 
There will clearly be some mismatch in the circuit, as the line will contain an amount of 
(probably unknown) reactance, which will lead to a frequency dependence of the 
performance. 

 

Figure 11: Electronic directional coupler circuit 

The circuit of  is rather general and a specific embodiment of the above and has been 
adapted from [3].  This has been adopted in the second prototype described above and has 
shown experimentally to provide >20dB isolation between the upstream and downstream 
signals, assuming that the impedance of port 2 is nominal 

 

Figure 12: Improved directional coupler design (sho wing differential interfaces) 

2.3.3 Mixers  

Up conversion and down conversion of the signals is achieved through the use of either a 
passive mixer or a four-quadrant multiplier. The advantage of the multiplier, although being 
an active circuit element, is that the power required to drive the inputs is markedly lower.  For 
this reason they have been selected and implemented in the first prototype. 
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 and  show the multiplier used (Analog Devices AD834), selected due to its broad bandwidth 
of operation (DC to >500MHz) and non-loading inputs.  Higher speed devices are available, 
such as the Analog Devices AD8343, with its DC to >2GHz potential bandwidth. 

For the second prototype, we have transferred to using a passive mixer. This provides a 
broader bandwidth of operation although excludes the DC end of the frequency spectrum. An 
anticipated bandwidth of 50 MHz to 1500 MHz would encompass our expected end 
requirements assuming a 50/70 MHz unequal channel separation.  The Minicircuits TFM-150 
mixer [4] has been identified as suitable for this purpose. 

2.3.4 Sub-carrier  channel separation 

VDSL signal bandwidths of up to 30MHz are now being proposed on some chipsets.  The 
current standards that support up to ~100Mbps upstream and ~50Mbps downstream require 
a signal bandwidth of 17.6 MHz, giving a full double sideband signal spectrum of ~35MHz.  In 
the first instance (prototype) we assume full double sidebanded signal operation.  The 
separation of channels cannot be arbitrary as the potential for non-linear interchannel 
modulation products is finite.  Some equal channel spacing schemes may present problems 
if the harmonics and sum/difference frequency products fall within the bandwidth of other 
channels.  The use of unequal channel allocations is widely understood to prevent this and 
with the initial 8.5MHz VDSL signals (18MHz full spectrum) separations of alternately 50MHz 
and 70MHz would overcome this problem.  This issue is to be addressed. 

2.3.5 Channel linearization techniques 

Linearization of components, particularly the directly modulated laser, may overcome the 
problem mentioned in the last section.  Linearisation may take the form of a corrective circuit 
(such as a multi-path tapped circuit for example) that when placed in series with the 
nonlinear device or component results in a much linearised transmission path.  Generally 
these circuits need to be tailored to the nonlinear device in question, however the use of 
generic adaptive correction circuits are within the bounds of possibility and would clearly lead 
to a reduced implementation cost. 

Channel or component linearisation techniques are not within the scope of this work and the 
consequent nonlinear nature of any components used is accepted as a line impairment in the 
present implementation of the project. 

2.3.6 Signal combination/splitting  

Subcarrier signals are currently combined and split using passive resistive networks prior to 
and after the optical interface. 

2.3.7 Optical component choice and considerations 

The first prototype uses a directly modulated DFB laser for the transmitter and a PIN-TIA for 
the receiver. 

Component selection will be based on a number of criteria. For the transmitter we require a 
low cost semiconductor laser compatible with the chosen CWDM/WDM spectral plan and 
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conforming to the requirements of the spectral plan (in terms of channel drift, peak power, 
etc.).  The device must have a direct modulation bandwidth of or greater than 1GHz and 
have a minimum optical power of 1dBm (and possibly greater depending on expected link 
losses.  Chirp effects may also lead to a reduction in the signal quality (but this is still to be 
quantised).  Direct modulation is chosen for cost effectiveness, although alternatives may be 
considered if the economics are conducive to our needs.  The receiver will similarly comprise 
a PIN photodiode, preferably with an integrated TIA and a bandwidth of >1GHz. 

For the duration of Phase I, our priority is focussed on assuring a working multiplexing unit 
and, as such, a nominal optical configuration comprising a directly-modulated temperature 
controlled DFB laser and PIN-TIA receiver is currently being used whilst development 
continues. Further study of VCSEL and FP based BiDis continues, but it is expected that the 
optical implementation will be studied in detail during Phase II. 

2.3.8 Carrier frequency generation and synchronisat ion 

Generation of the carrier frequencies and their counterpart-synchronised carriers at the 
receivers remains an issue. Currently, separate single sources are being used for each 
channel; however this is thought to be only one of many possible solutions for the final 
product design. 

2.3.9 Latest Results 

2.3.9.1 Baseline fiber transmission 

The background concept for the study conducted is based on the subcarrier multiplexing 
technique widely used for multiple channel transmission (e.g. CATV).  Figure 13 shows one 
upconverted QAM/CAP (China bandplan) VDSL channel at 16MHz, along with all the 
available windows over ~1GHz of bandwidth.  The objective is to utilize multiple subcarriers 
to transmit multiple VDSL channels within those windows shown in Figure 13.  The 
bandwidth occupied by each channel may vary according to the spectral width of the VDSL 
signal currently at a maximum of ~70MHz (double sideband) for VDSL2. 
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Figure 13: VDSL channel distribution over 1GHz in e lectrical domain 

The block diagram of the system built for baseline transmission of multiple VDSL channels is 
shown in .  It comprises a DSL modem at the CPE carrying 100BASE-T fast Ethernet traffic 
over a VDSL band 998 compliant channel.  This is connected by 106m of UTP (unshielded 
twisted-pair) cable with a loss of ~8dB (at VDSL spectral frequencies) to the ONU equipment.  
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Such a distance would be representative of a final drop UTP cable from a cabinet/distribution 
point.  The UTP from each CPE terminates in the hardware represented by the ONU in .  
Initially, the line terminates into an electronic directional coupler to split the upstream and 
downstream signals.  Our directional coupler design consists of a lossless, differential, 
balanced op-amp pair with a measured isolation of 23dB (when input output port is 
terminated in nominal impedance) in the forward direction and >80dB in the return direction.  
The isolation of the directional coupler will depend on the impedance of the cable over which 
the VDSL signal is being transmitted, such cables may vary in impedance by a factor of up to 
2:1. 

The directional coupler has been further designed to be frequency independent, thereby 
allowing for a band-plan agnostic ONU solution capable of carrying both QAM and DMT 
based signals.  This design characteristic of both the OLT and ONU equipment makes the 
scheme capable of carrying true interoperable universal-DSL signals.  Other designs for the 
directional coupler were considered, amongst which are the transformer based hybrids and 
directional couplers, however these suffer from limited up/downstream isolation and 
significantly higher losses. 
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Figure 14: Block diagram for baseline optical trans mission 

The differential output of the directional coupler is converted to a common-mode signal 
before being upconverted to a channel within the subcarrier multiplexed spectrum. A passive 
high-pass filter is used after the mixer to remove the residual baseband signal that results 
from imperfect conversion. In the forward path, the upconverted signal is combined with the 
other SCM channels before being used to directly modulate a semiconductor laser. 
Frequency up-conversion of the DSL signals enables multiple signals to be combined within 
the 1.5 GHz modulation bandwidth of the optical components. 

In the current scheme, the VDSL signals have a base band spectral width of 12 MHz (24 
MHz including both sidebands). With the 998 spectral bandplan, this offers a maximum 67 
Mbps upstream and 40 Mbps downstream data transmission rates.  Given the spectral width 
of the up-converted signal, a 1.5 GHz modulation spectrum in the optical carrier would permit 
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40 VDSL channels, however with the inclusion of 16 MHz guard-bands the channel count 
would be reduced to ~25.  

In the return path, the output of the circulator is connected to a photodiode before being 
passively split, down-converted and re-applied as the return signal to the directional coupler. 
Laser transmitter output is connected by a circulator to the fibre link which consists of an 
unamplified section of NZDSF SM fiber with various lengths. The fibre carries the signal to 
the OLT terminal equipment which comprises an identical circuit to the ONU, the output of 
which connects directly to the CO modem (or DSLAM). For experimental purposes, both OLT 
and ONU transmitters operate within the 1550nm band. 

2.3.9.2 Transmission results  

The bit-loading for a VDSL channel over its 12MHz spectral width is depicted in . A maximum 
of 8 bits were allocated to a DMT tone for downstream and 7 bits for upstream.  

0

2

4

6

8

10

0 4 8 12Frequency (M Hz )

B
it 

L
o

ad
in

g
 (

2^
n

)

Dow nstream Upstream

 

Figure 15: Bit-loading of VDSL channel over 12MHz s pectrum 

The transmission performance of each VDSL signal over a range of subcarrier multiplexed 
channels was assessed.  This was performed across the approximate frequency range 
50MHz-1GHz, principally governed by the mixer bandwidth.  Furthermore, the performance 
across increasing optical distance was observed.   shows performance of the modem 
transmission rate through the ONU/OLT equipment for a range of subcarrier frequencies and 
fibre lengths.  
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Figure 16: Transmission performance for different f iber lengths across 1GHz electrical spectrum 

The results indicate a mean downstream rate of 46.4 Mbps and an upstream rate of 24.1 
Mbps for back-to-back transmission.  Hence, transmission efficiencies of 69% and 60% for 
downstream and upstream were achieved with respect to the 67 Mbps and 40 Mbps bit rates 
available with the fast-998 band plan.  The decreased efficiency results almost exclusively 
from the up-and down-conversion processes, namely the conversion loss of the mixers.  It is 
expected that this efficiency could be improved with linearised mixers.  As a measure of the 
unconverted efficiency, transmission of base band signals through the same circuit (i.e. 
bypassing the mixers) produced data transmission efficiencies of 91% and 97% for the 
down-and upstream signals respectively.  This resulted in transmission rates of 96 Mbps and 
48.5 Mbps over a 105/50 extended-998 band plan. 

To measure transmission performance over the fibre optic extended link, the setup of  was 
used with increasing lengths of NZDSF fiber and again performance was measured as an 
average across the full subcarrier spectrum.  The results for 20 km and 45 km of the SM fiber 
are plotted in .  As expected, these show a gradual decrease in the data rate with distance 
reducing the mean downstream rates to 37 and 28 Mbps for 20 km and 45 km respectively, 
whilst the upstream rates are reduced to 24 and 12 Mbps for the same respective distances. 
In keeping with the expected access topologies, no optical amplification was used.  The 
results therefore follow a predictable degradation due to the increased losses and their 
consequent reduced SNRs as received by the modems. 

2.4 Conclusions 

The content of this section provides the reader with an overview of the design process and 
some transmission results for the VDSL over optics transmission system.  Further detailed 
experimental results showing interoperability performance of the system within a CWDM ring 
are presented in DD2.5. 

This document presents results on a system for transmitting analogue VDSL signals over a 
sub-carrier multiplexed optical transmission system.  The performance of which is currently 
achieving up to ~69% data transmission efficiency of the VDSL signals over unamplified fibre 
lengths of up to 45km with 4 VDSL signals being transmitted simultaneously in individual 
sub-carriers. 
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To date this work has been disseminated through various journal and conference 
publications. 
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3. ADVANCED VDSL ALGORITHMS 

3.1 Introduction 

The main goal of the xDSL-relating activities within the subproject D of the MUSE was to 
investigate different ways for performance improvements at current DSL technologies. The 
main goal of the investigation was to verify by simulations whether it is possible to achieve 
the rates of 20Mbps or more for the loop lengths of around 1.5-2 km for both upstream and 
downstream of different DSL technologies. The downstream rate of 20 Mbps has an impact 
to the delivery of the different services like Video on demand (VoD), HDTV, etc. The 
upstream rates of around 20Mbps might be beneficiary in a limited amount of applications, 
like video-conferencing. However, we still explored upstream scenarios, and analyzed what 
likely improvements we get. 

We have concentrated our effort in two main areas of work – one area is “Dynamic Spectrum 
Management (DSM) relating techniques” and the other area is the area of advanced coding 
techniques - e.g. Turbo-coding (TC) and Low Density Parity Check (LDPC) coding. 

With respect to DSM relating techniques we have analyzed spectra and signal coordination. 
We show how proper coordination may lead to better network exploitation in case of spectra 
coordination. The cooperation can be achieved either by agreement or by setting a set of 
operating rules that are enforced by network management entity. Signal coordination, on the 
other hand, demonstrate how fully coordinated transmission can enhance overall network 
capacity as well as the bandwidth available to each user. The issues here are 
computationally efficient architectures and methods for interference cancellation, as well as 
the issues of channel estimation and synchronization. 

The advanced coding techniques have shown that advanced coding together with proper 
band plans may enable certain bitrate improvements. We have analyzed one of the many 
turbo codes that may be designed, and showed that its performance may be interesting in a 
“sunny day” scenario, i.e. when only white noise is present. The TC codes will not 
satisfactorily perform in case when some form of impulse noise or crosstalk is present in the 
cable. 

We primarily concentrated our efforts around the VDSL technology, bearing in mind that, in 
future, the penetration of the fiber on one hand, and the capacity limitations of ADSL-like 
technologies would most likely favour VDSL (or VDSL-like) as the technology of choice for 
wireline broadband access. 

3.2 Bitloading 

We will observe the bitloading in case when several modems (n=1,…,N) operate within the 
same binder, under the assumption that modems transmit simultaneously. Let us denote by 
hn,m(t) the continuous-time impulse response of the channel from transmitter m to receiver n. 
For m=n hn,m(t) represents transfer function of the direct channel. In case when m �  n, hn,m(t) 
is the crosstalk channel. The signal at receiver n on tone k can be represented as 
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The total rate (R) of the modem n is the sum of the rates per tone, i.e. 
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In order to increase the rate, we should increase the numerator or decrease denominator in 
(1). Denominator could be decreased by decreasing G (finding out new, improved codes) or 
decreasing the �
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k sh 2, ||  part of the denominator. The latter could be accomplished 

using signal coordination which theoretically cancels crosstalk, thus reducing it to zero. 

3.3 Dynamic spectrum management 

Crosstalk between lines in the same or neighbouring bundles is the dominant source of 
performance degradation in xDSL systems such as VDSL. Mainly due to crosstalk, the 
capacity of the xDSL access network is utilized far from the possible limits. For example, a 
500-meter cable of 50 twisted pairs has a potential capacity of 5Gbps in each direction to be 
shared [1]. However, current xDSL systems operate at less than 1 percent of this limit. One 
of the most promising technologies for improvement of the achievable rates and distances 
within xDSL systems is the Dynamic Spectrum Management (DSM). 

There are different views on the problematic of dynamic spectrum management, and what it 
represents. One way to define it is given in [7]. The other way is to split the problem area into 
spectra and signal coordination, and to analyse different solutions in these areas. This is the 
approach that we have taken here. It may be said that DSM level 3, as defined in [7] is, in 
effect signal coordination, while DSM levels 1&2, belong to spectral coordination. 
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3.3.1  Spectra coordination 

The traditional approach to resolution of the crosstalk issue is Static Spectral Management 
(SSM). The spectral masks in SSM are identical for all modems and these masks are 
determined based on the “worst case” scenarios. Apparently, this solution is not optimal, and 
could be improved significantly by, e.g. applying spectra coordination DSM solution. A 
fundamental aspect of DSM is to use the minimum of the transmit power and spectrum 
necessary to achieve the desired service while maintaining a nominated operating margin for 
robustness. Operation of DSM may be autonomous (over a single line) or coordinated across 
multiple lines in the same cable binder.  

The reference diagram of DSM is given in  (see also [2]). It introduces the Spectrum 
Management Centre (SMC) that is responsible for adjusting the spectra of the modems 
within the network; the control information is provided using the DSM-C interface. The line 
and crosstalk information is sent by modems to the SMC using DSM-D interface. The spectra 
of each modem in DSM are determined to match the specific topology of the network. These 
spectra are adapted based on the direct and crosstalk channels seen by the modems.  

SMC LT NT 

DSM-C 

DSM-D 
DSL 

DSM-S 
DSL 
Service 
Provider 

Internal interfaces 
within single DSLAM 

 

Figure 33: DSM reference diagram 

Notice that a single binder may include a combination of systems using of any or all levels of 
coordination over the individual lines, depending upon the service-provider’s preferences and 
practice in the region. 

3.3.2  Spectra coordination simulations 

3.3.2.1 Algorithm description – Iterative water-fillin g 

We have analyzed the performance improvements of the DSM algorithm known as Iterative 
Water Filling (IWF) which has been slightly modified for the simulation purposes; besides, we 
tried to use as much power as possible for the transmission, since this leads to increase of 
numerator in (1), and consequently, increase of bk in (1). The algorithm itself is described in 
more detail at [4]. 

The algorithm used for the simulations could be roughly described as following [8]: 

1. In the first step, general parameters of the algorithm are chosen: the signal to noise 
ratio (SNR) margin of each DSL line is chosen (in our case 6 dB). Also, the total 
average transmit power of each DSL line is chosen, as well as other simulation 
parameters such as background noise, etc.  
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2. For every DSL in the binder, the pair-to-pair crosstalk power couplings between all 
DSLs are calculated and recorded. The loop responses that DSL modems transmit 
over are either measured or extracted from a database or can be estimated [9]. 
Generally, loops in the same binder have similar gauge, so they can often be 
assumed to all have the same loop responses with little error. The crosstalk between 
different binders is low and can be ignored. 

3. Given the initial transmit PSDs and crosstalk power couplings, the sum crosstalk from 
both active modems in binder is calculated (active modems here are modems which 
performance is simulated). This sum crosstalk noise PSD is used to calculate SNR 
and this is used to find the optimal transmit PSD of the first DSL modem. The transmit 
PSD is calculated by adjusting the transmit power of each tone to transmit the PSD 
that equals to max (0,q - SNR) and iterating to find the constant q such that the 
desired total average power is transmitted. 

4. The same procedure as in previous step is performed on the second DSL modem; 
the crosstalk into this modem is computed using its crosstalk power couplings, and 
the transmit PSD of the first modem equals to the one found in step 3. 

5. The step 4 is repeated for all other active modems in the binder, respectively. 

6. Given the transmit PSDs of all the DSL modems and the crosstalk power couplings, 
the sum crosstalk is calculated. The bit rates that can be transmitted by the first 
modem with its allowed total average transmit power and SNR margin is calculated. 
The first modem is subsequently assumed to transmit the PSD corresponding to this 
bit rate and allowed total average transmit power. 

7. The bit rates of the other modems are calculated in the similar manner as described 
in step 6. 

8. Repeat steps 3 through 7, with respect to that the crosstalk is always computed 
assuming the most recently computed PSDs. Steps 3 through 7 are repeated until 
some of the exit criteria is met (e.g. none of the DSLs' computed bit rates vary 
between each repetition by more than some small amount) 

3.3.2.2 Simulation scenarios 

A number of scenarios have been simulated using the IWF algorithm in order to give the 
answer to the question whether the main goal is achievable or not. Beside this, the results of 
the spectra coordination simulations were to give answers, to the following two questions: 

1. What is the rate increase in cases when lines apply IWF algorithm? 

2. What is the relationship between the line performance and the number of lines that 
apply DSM? 

The two most basic (and simplistic) scenarios are represented in the  and , respectively. 

In the first scenario () we observe the IWF algorithm in case when we have two ADSL 
modems, one with loop length of 2 kilometers, and the other one with loop length of 5 
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kilometers. The goal of the scenario is to see whether higher bit rates are achievable with 
IWF algorithm applied. 

CO 

 CPE1 

CPE2 

2 km 

5 km 
 

 

Figure 34: ADSL based IWF simulation scenario 

The other scenario (figure 19) is the one where 4 VDSL modems are located at the distance 
of 600m, and 4 VDSL modems are located at the distance of 900m from the CO.  

CO 

 CPE1-4 

CPE5-8 

600 m 

900 m 
 

 

Figure 35: VDSL based IWF simulation scenario 

 

The third scenario, represented by the most elaborate set of simulations, tries to give answer 
to the second question in this sub-chapter. In order to achieve this, different percentages of 
lines that apply IWF were used in the simulations. The percentages of the lines that apply 
IWF in simulations were 25%, 50%, 75% and 100% (all lines). In this set of simulations we 
simulated 16 ADSL lines in the binder, together with the ETSI FB Noise model and the 
distribution of the loop lengths has been simulated according to the [10]. 

In all above-mentioned simulations, we have assumed loop type ANSI 26 AWG, the PSD of 
the background noise to be –140dBm/Hz, and the target noise margin to be 6dB. 

To obtain the best power allocation, we always monitor the SNR on all tones, without 
allocating energy on the tones not used, while in reality, only some tones are used to monitor 
the SNR since on that tones the modems need to allocate a minimum amount of energy. 

3.3.2.3 Simulation results and conclusions 

In this section we show and comment the results obtained. With respect to the scenarios 1 
(ADSL related scenario) and 2 (VDSL related scenario), the obtained rates are shown in  and 
, respectively.  
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Figure 36: Rate region of ADSL 
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Figure 37: Rate region of VDSL 

 

It is obvious that there are some improvements with respect to the achieved bit-rates. 
However, these bit-rates are far from the main goal of obtaining the 20Mbps at the range of 
1.5 up to 2 kilometers. Since the amount of the FEXT is the smallest in such a case (we have 
only one line as the source of the crosstalk) it is apparent that there is no need to perform 
simulations that will include significant number of lines in the binder (between 25 and 100). 

With respect to the question of the performance improvements with respect to the 
percentage of lines that implement IWF (DSM), the conclusion is:  

· When 25% of the lines implement IWF, the gain is very small.  

· When 50% of the lines implement IWF, the gain is approximately half of the gain 
when 100% lines implement IWF. 

We can conclude that IWF has a gain that increases with the number of lines that apply it; 
significant gains are present only when all the lines are able to use the algorithm. In any 
case, the goal of achieving 20Mbps in both directions @1.5-2km is not achieved. 

The main issue with the algorithms for the spectra coordination is scalability of the 
algorithms. For example the Optimal Spectrum Balancing (OSB) algorithm [11] makes use of 
a grid-search to find the optimal power allocation to a predetermined quantization of user 
powers. It suffers from an exponential complexity in the number of users. The complexity of 
OSB can be expressed as O (K exp(N)), where N is the number of tones, and K is the 
number of users. For small number of users, the spectra coordination is tractable. However, 
for K > 4, the OSB is not efficient. To reduce complexity near-optimal Iterative Spectrum 
Balancing (ISB) algorithms were developed which make use of a series of line-searches, 
avoiding the grid-search bottleneck [12]. The complexity of the ISB algorithm is O (K N2). We 
have developed the algorithm that resolves the problem of the spectra coordination by 
optimizing 
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In the above equations, n
kP is the transmit power of user k on tone n, max

kP is the maximum 

power constraint of user k and kw is the set of positive weights that allow a tradeoff between 

the achievable maximal rates of different users in the system. The optimization problem is a 
non-convex one, so we have relaxed the problem, and by transforming the n

kP to n
kPlog we 

obtain a standard concave maximization problem. Our algorithm has linear complexity, which 
clearly puts it ahead of the OSB and ISB algorithms. 
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3.3.3 DSM - Signal coordination 

The signal coordination applies to the full coordination of the signals (either transmit signals, 
receive signals or both) within the DSL system. This means that the different signals for 
multiple lines will be jointly processed at the physical layer. The coordination of the signals 
usually means that crosstalk can be significantly reduced, and in some (theoretical) cases 
eliminated completely. The DSM signal coordination (known also as vectoring or DSL MIMO) 
is considered for the signals within the same binder. 

In downstream communication the receiving modems reside within different customer 
premises. The receiving modems are not co-located, so joint reception and crosstalk 
cancellation is impossible. In downstream communication the transmitting modems are co-
located at the CO, so joint transmission is possible. Predistortion is introduced into each 
signal before transmission. The predistortion is chosen such that it annihilates with the 
crosstalk introduced in the binder.  

Essentially, each CO modem transmits a mixture of the symbols intended for the different CP 
modems. The signal transmitted contains the symbol of interest plus a predistortion part - this 
part may be expressed as a function of all the symbols transmitted at that particular instance 
of time. Basically, the composition of this function determines different precoder designs.  

Several crosstalk precoder designs have already been proposed.  

The simplest is a linear structure based on the zero-forcing (ZF) criterion. If we define the 
vector, which contains the symbols intended for each user on particular tone (k), the essence 
of the ZF precoder is to multiply the "true" symbols with a "precoding" matrix prior to 
transmission. The "precoding" matrix is inverse matrix of the transmission channel matrix 
divided by the scaling coefficient that maintains compliance with the spectral mask 
constraints. 

There is also a decision feedback structure, based on the Tomlinson-Harashima Precoder 
(THP). This structure requires a change of CP modems (there is a need for an extra modulo 
operation at the receiver end in order to estimate the transmitted symbol) – this may be 
inappropriate since we have a legacy issue. 

For the reason of the simplicity the simulations based upon the ZF solution have been 
analyzed. 

3.3.3.1 Introduction 

The channel model of the DSL communication system can be represented as  

Y = HX + N, 

where Y is the vector of the channel outputs, H is the matrix of channel transfer functions, X 
is vector of channel inputs, and N represents the white noise. Decomposition of the channel 
matrix is often applied in signal coordination solutions. One of the first techniques proposed 
by Ginis/Cioffi [5] contains a decision-feedback section when used at the receiver and a 
Tomlinson-Harashima precoder when used at the transmitter. It achieves perfect crosstalk 
cancellation (assuming correct previous decisions). In upstream (receiver), it can be shown 
to be equivalent to the Generalized Decision-Feedback Equalizer (GDFE).  
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3.3.3.1.1 Upstream transmission  

The channel matrix is decomposed as (subscript k denoting the tone index is dropped for 
convenience) 

 
H=QR 

where Q is unitary matrix, and R is triangular matrix. If the Q* operator (complex conjugation 
of Q) is applied to the received signal, we have 

Ye= Q*Y = Q*(QR)X + Q*N = RX + Q*N. 

The expression Q*N still represents white noise, since Q is unitary matrix, and bearing in 
mind that R is triangular matrix, by applying backward substitution, we can easily obtain an 
estimate of X. 

This channel is causal in the sense that there is an order in the crosstalk of the users. User N 
experiences crosstalk from no-one; user N-1 experiences crosstalk only from user N; user N-
2 experiences crosstalk only from users N and N-1; and so on. This causal structure admits 
the use of decision feedback to remove crosstalk. User N experiences no crosstalk. Hence 
the signal of user N can be detected, and the crosstalk it causes to the other components of 
Y can be removed. At this point user N-1 can be detected free from crosstalk, and the 
crosstalk it causes to the remaining users can be removed. This procedure iterates until all 
users have been processed. 

3.3.3.1.2  Downstream transmission 

Since there is coordination at the transmission, a precoding among the users is possible. Let 
us define the vector x ’’ that contains the symbols intended for each user on tone k. The 
precoder multiplies the true symbols from the vector x ’’ with a precoding matrix P prior to 
transmission. The transmitted symbols are then 

X’=P x ’’ 

The precoder is based on a zero-forcing criteria, which leads to the following precoding 

matrix 

P=(1/bbbb)H-1 

and the scaling vector bbbb is defined such it consists of maximum values from each row of 
matrix H. The scaling factor bbbb ensures that compliance with the spectral masks is maintained 
after precoding. 

During transmission the predistortion introduced by the precoder annihilates with the 
crosstalk. The received vector is 

Y=HX’+N = bbbb-1X+N 

which is a “crosstalk-free” signal. However the first step (precoding) may create an energy 
increase, which is undesired at the transmission. To solve that issue, a number of solutions 
are proposed, e.g. the concept of Tomlinson-Harashima precoding.  
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For diagonally dominated matrices the loss in linear precoding is small and therefore a zero 
forcing precoder achieves near optimal performance [6]. It should be noted that VDSL 
systems include 4096 tone with 8192 tones anticipated in VDSL2. Therefore the complexity 
of e.g. inverting a 25x25 or larger matrices for each tone become a computationally intensive 
task.  

3.3.3.2 Simulation scenarios 

Two scenarios have been simulated using the signal coordination. In the first one, we have a 
number of VDSL2 modems which loop length is chosen from 200 to 2000 meters. All loop 
are of the same length; in the first instance of this scenario, all loops have the length of 
200m, in the second instance of this scenario, all loops have the length of 400m, etc.  

In the second simulation scenario, we perform only one simulation - the loop lengths of 
VDSL2 modems are different and linearly increase from 200 to 2000 meters. 

The following simulation parameters have been used for the these simulations 

PSD AWGN    -140 dBm/Hz 

Minimum number of bits on each tone  1 

Maximum number of bits on each tone  15 

Noise margin     6 dB 

Shannon gap     9.75 dB 

Noise     ANSI crosstalk model A 

3.3.3.3 Simulation results and conclusions 

The performance (bit rate in upstream and downstream) is obtained at each loop length of 
one of the modems under test to obtain the rate-reach curves, presented in the  and . The 
reference diagrams (i.e. diagrams of the scenarios without DSM solution) are given for 
comparison as well. 

From given graphs, it is apparent that MIMO potentially provides significant performance 
gains with respect to rate/range. For the downstream, the gains for the loops shorter than 1 
km vary from 30% to 90%. For the upstream, the gains are well above 100% (e.g. 150% for 
the 800 m loop length). However, the main goal (³  20 Mbps at 1.5 – 2 km) has not been 
achieved, even with the usage of the MIMO systems. The other issue with the MIMO is that 
every DSL modem has to apply it, which makes it suitable for the CO topologies only. It is 
very unlikely that the signal coordination could be achieved in case of CO/RT deployment 
scenario. 
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Figure 38: Results of signal coordination simulatio ns when all VDSL2 lines have the same length 
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Figure 39: Results of signal coordination simulatio ns when VDSL2 lines differ in length 

3.4 Advanced Coding solutions 

The frequency band of a VDSL system occupies from 300 KHz to 30 MHz. For such a high 
frequency of operation, the data can be reliably transmitted only on short loop lengths. In 
order to increase the loop length, the bit rate has to be compromised. To ensure a reliable 
transmission of data over longer loops and also to provide the end user with a maximal bit 
rate at a very low BER, a good Forward Error Correction (FEC) scheme with high coding 
gain is required. The FEC schemes for VDSL system are mainly based on the Reed-
Solomon (RS) code.  
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The introduction of turbo codes in 1993 by Berrou [13] is perhaps one of the most important 
contributions in the coding theory in the last decade of the 20th century. The performance of 
this coding scheme approaches the Shannon limit. However, the conventional turbo codes 
are low-rate codes. Subsequently, various authors have proposed different approaches to 
bandwidth efficient turbo coding schemes, e.g. [14]. We have explored the performance 
improvements of just one of the many applicable turbo codes. 

3.4.1 Code description 

In our turbo-code design, a single binary turbo code of rate 1/3 is used. The RSC component 
code has a rate of ½. The information bit b is first encoded by the turbo encoder to form the 
code bits c where c={c0,c1,c2}. The c0 bit is the first coded bit, which is equal to the 
information bit b, c1 is the second coded bit from the first RSC encoder and c2 is the third 
coded bit from the second RSC encoder. The encoder outputs are suitably multiplexed and 
punctured to obtain k parity symbols and n-k information symbols. These encoded symbols 
are mapped into the M-QAM signal consisting of 2m points.  

The conventional turbo decoder treats the demodulation and the decoding process as two 
separate entities, thereby degrading the performance with respect to the coding gain. 
Treating the demodulation and decoding processes as two separate stages of a single 
process can avoid the performance loss. This is done using the process in which the “soft” 
information is exchanged between the demodulation and decoding operations in an iterative 
manner. 

 

3.4.2 Simulations 

We have simulated performance of VDSL loops employing described turbo-coding scheme 
for a 24-gauge twisted pair loop with AWGN and FEXT as the main sources of line 
impairments. The level of AWGN is fixed at -140 dBm/Hz 

 shows the data rates and the corresponding loop lengths that can be realized reliably using 
the described scheme. The results show that the target bit-rate is achieved for loop lengths 
of 1 km or less, therefore still falling short of the request. 
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Figure 40: Data rates and corresponding loop length s that can be realized with advanced Turbo Coding 

3.5 Overall conclusions for simulations 

The performed simulations clearly identify the gains with respect to rate/range for different 
algorithms - spectra coordination, signal coordination and advanced coding schemes. 
However, the main goal to have bitrates of at least 20 Mbps for the range of 1.5 – 2 km has 
not been achieved.   

The gains that are obtained from the spectra coordination are modest (<10%). The gains are 
dependent from such factors as whether all lines apply spectra coordination or not, topology, 
etc. The gains are slightly better for CO/RT scenario than for the CO-only scenario. It is 
questionable whether the operators would like to implement these algorithms. Although the 
spectral coordination algorithms are not as complex for the implementation as the signal 
coordination algorithms, the scalability of some algorithms is questionable. We have 
developed the algorithm that has the linear complexity, which puts it ahead of the other 
algorithms which have exponential or quadratic complexity. 

On the other hand, the gains in the case of signal coordination are significant (up to 90% 
downstream and up to 400% upstream). This applies mainly to distances up to 1km, so the 
goal of 1.5km to 2km has not been reached either. The simulations show that 20Mbps is 
achieved around 1200-1250m for the downstream or around 700m for the upstream 
direction. Taking into account that VDSL standards propose distances that are much shorter 
than 1km this opens possibility to apply the signal coordination in case of VDSL. Whilst the 
benefits of signal coordination are large, the complexity is extremely high. For example, in a 
bundle with 25 users transmitting on 4096 tones and operating at a rate of 4000 symbols/s 
the complexity of signal coordination exceeds 10 billion multiplications/s. This is outside the 
scope of current implementation and may remain so for several years. We have investigated 
some improvements with respect to reduction of the computational complexity – these lead 
to decrease in performance improvements, however. 
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With respect to the turbo-coding, the improvements are applicable only for the AWGN. 
Simulations show that turbo codes are vulnerable to the impulse noise and since crosstalk, 
impulse noise, etc. are the main limiting factors in case of DSL, this solution is not practical. 
The requested target has not been reached, either. 
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4. DSL FOR SMALL AND MEDIUM BUSINESS APPLICATIONS 

4.1 Introduction 

In opposite to residential customers, for business customer applications symmetrical 
Ethernet connections are mandatory. That means that upload and download should have the 
same capacity. 

Large companies are typically connected via fibre and the transport layer is SDH or native 
GBE. SDH is the installed base by large operators with the advantage that via the 
management system an end to end network supervision is possible. 

Also smaller companies needs higher Ethernet capacity to be competitive but they are 
typically only connected via copper. A possible solution is here  SHDSL, a symmetrical DSL 
technology. 

But then the operator has no longer an end to end solution. Two different management 
systems are required to supervise the link. 

In the following proposal a solution is discuss to combine the SDH network with the SHDSL 
first mile technology to transport Ethernet traffic of about 10 Mbit/s. 

4.2 Overview 

Especially for long reach applications and where symmetrical traffic is required, using the 
VDSL [5] or ADSL [4] technologies to transport data over copper is not the best choice. In 
this case SHDSL [1] can be used but the capacity per link is limited.  

The latest standard defines a transmission rate up to 5700 kbit/s. However, to have a 
transmission rate of about 10 Mbit/s over more than 2 km 4 links are required 

A lot of different bonding schemes are already available and defined in different standards 
like 4 wire SHDSL, IMA [6] (Inverse ATM Multiplexing) or Multilink PPP. 

All these schemes do not really fit to SDH [9] transmission technology that supports still a 
considerable part of the network. The following study shows how SDH and SHDSL can be 
combined for Ethernet transport. 

4.3 SHDSL general 

SHDSL transceivers are designed primarily for duplex operation over mixed gauge two-wire 
twisted metallic pairs. SHDSL transceivers are capable of supporting selected symmetric 
user data rates in the range of 192 kbit/s to 2312 kbit/s (latest standard up to 5696 kbit/s) 
using a Trellis Coded Pulse Amplitude Modulation (TCPAM) line code. They are spectrally 
compatible with other transmission technologies deployed in the access network, including 
other DSL technologies. SHDSL transceivers do not support the use of analogue splitting 
technology for coexistence with either POTS or ISDN.  



 
Project Deliverable 

IST - 6th FP 
Contract N° 507295  

 

D D2.2 – VDSL Solutions 42/52 Public 

 

4.4 SDH general 

The Synchronous Digital Hierarchy (SDH) standard is built on experience in the development 
of SONET. Both SDH and SONET are widely used today; SONET in the U.S. and Canada, 
SDH in the rest of the world. SDH is growing in popularity and is currently the main concern 
with SONET now being considered as the variation. 

SONET/ SDH differs from PDH in that the exact rates that are used to transport the data are 
tightly synchronized to network based clocks. Thus the entire network operates 
synchronously.  

Both SONET and SDH can be used to encapsulate earlier digital transmission standards, 
such as the PDH standard, or used directly to support either ATM or so-called Packet over 
SONET/ SDH networking.  

4.5 Transmission view of Ethernet via SHDSL in comb ination with SDH 
functionality 

4.5.1 Overview 

 shows an Ethernet end user application where the Ethernet is transported over an SDH and 
SHDSL network. 
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Figure 49 : Overview of Ethernet over SHDSL and SDH  

As shown in  the Ethernet 802.3 traffic [8] is mapped to GFP-F as defined by ITU-T 
recommendation G. 7041 [7]. The GFP frame is transported via virtual concatenation group 
as defined in ITU-T.G. 707 [9]. 

Virtual concatenation is an inverse multiplexing technique that combines an arbitrary number 
of SONET/SDH transport channels (here VC12s) to create a single-octet synchronous byte 
stream. The different VC12s are transported individually through the SDH network. At the 
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SHDSL side of the SDH network the VC12s are mapped to the SHDSL frame as defined in 
recommendation ITU-T G.911.2. and are transported over 2 wire twisted pair to the Ethernet 
SHDSL modem. Here the SHDSL frame as well as the VC12s is terminated and the Ethernet 
signal is regenerated. 
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Figure 50: Detailed functional diagram Ethernet ove r SHDSL and SDH 

Compared to other inverse multiplex processing’s this proposal has the big advantage that 
there is an end-to-end supervision and maintenance on the well-known and very powerful 
SDH level possible.  

4.5.2 Ethernet encapsulation with GFP 

The generic framing procedure (GFP) is used to adapt the asynchronous Ethernet payload to 
the synchronous SDH server layer. 

A GFP-header (8 octets) is prepended to each Ethernet frame to indicate frame length and 
payload type. Gaps between Ethernet frames are filled with “IDLE” cells (4 octets each) (see  
below). 

GFP is standardized by the ITU-T in the recommendation G.7041 and Y.1303 [7]. 

 

Figure 51: GFP mapping 

GFP is a lightweight adaptation protocol that provides a flexible mechanism to map different 
bitstream types to an octet-synchronous channel. The adaptation mechanism is frame-based 
and allows the segmentation of the physical channel into fixed or variable size containers, 
GFP frames. 



 
Project Deliverable 

IST - 6th FP 
Contract N° 507295  

 

D D2.2 – VDSL Solutions 44/52 Public 

 

The frame-mapped adaptation mode is a flexible adaptation mode that is suitable for either 
full-/subrate point-to-point or multipoint applications. Adaptation is accomplished by mapping 
upper-level protocol data units (PDUs), such as Point-to-Point Protocol (PPP) frames or 
IEEE 802.3 MAC frames, rather than link-layer code words, into the GFP frames.  

The frame structure for mapping an Ethernet/IEEE 802.3 frame on a GFP frame (assuming a 
null extension header) is illustrated in . 

Although many proprietary mechanisms abound for adaptation of native data traffic into 
SONET/SDH channels, GFP is the only international standard supported by both the 
American National Standards Institute (ANSI) and International Telecommunication Union — 
Telecommunication Standardization Sector (ITU-T). GFP is a highly efficient encapsulation 
protocol with a fixed, but small, overhead per packet. 

Unlike most framing protocols, GFP scales very well to higher transport rates, which is one of 
the reasons GFP is being widely adopted for various high-speed applications such as optical 
channels in ITU-T optical transport network (OTN) architecture.  

 

Figure 52: GFP frame 

4.5.3 Virtual concatenation, differential delay, LCAS 

4.5.3.1 Virtual concatenation 

Virtual concatenation is an inverse multiplexing technique that combines an arbitrary number 
of SONET/SDH transport channels to create a single-octet synchronous byte stream. With 
virtual concatenation, network operators can bundle an arbitrary number (X) of either low-
order (e.g., VC-12s) channels to create a single virtual concatenation group (VCG) signal 
(e.g., VC-12- Xv). An important aspect of virtual concatenation is that the individual transport 
paths that constitute the VCG can be transported independently over the SONET/SDH 
network. As illustrated in Figure, only VCG initiating/terminating equipment at the edge of the 
transport network (typically implemented in a line card) needs to support this function. Virtual 
concatenation works seamlessly with legacy SONET/SDH equipment. The rest of the 
transport network simply transports the component TDM channels independent of each 
other. In addition, virtual concatenation provides mechanisms to manage not only the 
constituent paths of the VCG, but also compensation for the differential delays among those 
paths across the SONET/SDH network. Thus, virtual concatenation addresses bandwidth 
allocation constraints associated with the coarse multiplexing hierarchy of traditional 
SONET/SDH systems. 
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With virtual concatenation bandwidth can be allocated as needed to accommodate the 
precise bandwidth requirements of the end systems.  

Better yet, virtual concatenation affords network operators with a new mechanism to provide 
value-added connectivity services, such as fractional or subrate Ethernet transport services. 

The network operator may configure such service by only allocating a single VC-12 to the 
associated VCG between the two sites. When demand goes up, the enterprise may request 
that the capacity of the VCG be upgraded, say in VC-12 increments. 

Example 1 

As an example, the following figure shows the virtual concatenation of 4 × VC-12: 
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Figure 53: Virtual concatenation (VCAT), example 

4.5.3.2 Differential delay 

Due to the different propagation delay of the VCs a differential delay occurs between the 
individual VCs. This differential delay has to be compensated and the individual VCs have to 
be re-aligned for access to the contiguous payload area. 
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4.5.3.3 LINK CAPACITY ADJUSTMENT SCHEME (LCAS) 

LCAS [10] is an extension to virtual concatenation that allows dynamic changes in the 
number of SONET/SDH channels in a connection under management control of the initiating/ 
terminating network elements (NEs) such that hitless performance of the VCG is guaranteed. 

LCAS also allows dynamic removal (addition) of failed (recovered) constituent paths. 

Channels can be added or removed by management actions while in service. The VCG 
capacity modifications will occur without scheduling any facility downtime to reconfigure the 
data service and without losing any customer traffic. 

VCG/LCAS provides the equivalent of an intelligent link aggregation facility for SONET/SDH 
much in the same way the IEEE 802.3ad specification provides link aggregations facilities for 
Ethernet segments. It also allows the implementation of connectivity services with graded 
levels of performance, (e.g., higher transport throughput when there is no failure in any of the 
constituent channels). When there is a failure in one of the constituent channels, the 
available bandwidth will be lower without incurring complete failure of the transport service. 

This is achieved by ensuring that only the failed channels of the VCG are withdrawn from 
service while the remaining channels will continue carrying live customer traffic. 

4.5.4 Mapping of VC12 to SHDSL 

The VC12/TU12 of the SDH signal is mapped to the SHDSL frame as defined in ITU-T 991.2 
Amendment 1 [2] and ITU-T 991.1 [3].  

The TU12 frame has a length of 144 octets or 500 ms. The octets are numbered according to 
. Each TU12 frame is mapped in into four subsequent sub-blocks with n = 36, using positions 
B1 through B36 in each sub-block. The first TU12 frame uses sub-blocks 1 through 4, the 
second uses sub-blocks 5 through 8, all the way up to the 12-th TU12 frame in sub-blocks 45 
through 48.  

The TU12 mode operates synchronously, i.e. the SHDSL stuffing mechanism is not used and 
the SHDSL line clock and TU12 payload clock are the same. They're both derived from the 
SETS function in the LTU in the downstream direction. Since the NTU is supposed to 
operate in loop-timed mode, the same is true for the upstream signal. SRUs operate in 
through-timed mode so they don't spoil the synchronism. 

The V1 and V2 bytes of the TU12 contain the NDF, ss-bits and TU12 pointer value. The V3 
byte is the negative stuff location. The V4 byte is ignored in the receive direction and needs 
to contain an “all ones” pattern in the transmit direction.  
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Figure 54 : Mapping VC12 to SHDSL 

4.5.5 SHDSL frame 

As defined in ITU-T G.991.2 standard the SHDSL frame has a length of 6 ms. Each payload 
block consists of 12 Sub-blocks as shown in . The size of each payload sub-block is defined 
as ks, where ks = i + n ´  8 [bits]. The payload data rate is set by: n ´  64 + i ´  8 kbit/s, where 3 
£ n £ 36 and 0 £ i £ 7. For n = 36, i is restricted to the values of 0 or 1. To transport a VC12,  
n  is 36 and z is 1, so a SHDSL transmission rate of 2320 Kbit/s is required. 

Some of the overhead bytes are used for a separate maintenance channel. With the so-
called EOC (Embedded Operations Channel) the remote managing of the Ethernet / SHDSL 
modem is performed. The messages for the SHDSL relevant managing functionality of the 
modem like inventory request or status request are already defined in the standard. However 
there are different provisioning and monitoring for SDH (e.g. SDH performance monitoring 
counter, path trace provisioning) required which can be implemented via reserved proprietary 
message IDs.  

 

Figure 55: SHDSL frame format 
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4.6 Management functionality 

4.6.1 Overview 

In typical customer applications the access and the backbone network use a different 
management system. An end-to-end supervision is not possible.  Especially in case of bit 
errors or faults in the link it is sometimes very hard to find the root cause. Also for Service 
level agreements between the operator and the end user an end to end performance 
monitoring is much more comfortable. This approach presents a solution where a complete 
end-to-end supervision of the Ethernet path mapped to VC12 is possible. 

4.6.2 OAM via SHDSL 

As defined in the ITU-T G991.2 standard the NTU (Network Termination Unit) is managed by 
the LTU (Line Termination Unit) via the special management channel in the overhead of the 
SHDSL frame. The LTU is the master and controls the functions of the NTU (modem). In  
also SRU (SHDSL repeaters) are shown. Only the LTU is directly connected to the overall 
management system. 

In the here described approach the LTU is the SDH NE with an SHDSL interface and the 
NTU is the Ethernet SHDSL modem.  

  

Figure 56: LTU, SRU, NTU management interworking  

4.6.3 EOC channel 

Management of the SRUs and NTUs is exercised via the Embedded Operations Channel 
(EOC) in the SDHSL overhead. The capacity of this channel is 20 bits per 6 ms frame or 
3.333 kbit/s. The messages transmitted over this channel are structured in octets. The 40 
EOC bits of two subsequent frames are taken together and shall hold 5 EOC message 
octets. They are aligned in such a way that the bits eoc1, eoc9 and eoc17 of the first frame 
and the bits eoc5 and eoc13 of the second frame each hold the LSB of a transmitted octet. 
Transmission over the EOC channel is LSB first. Messages (frames) are separated by one or 
more flag octets, 0x7E. 

EOC messages are protected by a CRC16 code, appended in the last two octets of the 
message, see . 
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Figure 57: Frame format for SHDSL EOC 

4.6.4 Standardized OAM functionality, message IDs 

The OAM functionality for the SHDSL corresponding message IDs are already defined in the 
ITU-T G.991.2 standard. These are: 

· Discovery probe / response 

· Inventory request/ response 

· Configuration - SHDSL request / response 

· Configuration Loopback timeout request / response 

· Maintenance request – System Loopback 

· Maintenance request – Element Loopback 

· Status Request 

· Full status Request 

· Status/SNR 

· Performance Status SHDSL Network Side 

· Performance Status SHDSL Customer Side 

· ….. 

This message catalogue covers the SHDSL relevant features like getting the inventory data 
of the modem or getting the bit error rate of the SHDSL link but does not cover the 
provisioning, performance monitoring or alarming features relevant for the customer 
interface. However the standard ID message table defines some proprietary message IDs 
which can be used for to control SDH and Ethernet functions. 
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4.6.5 Handling of not standardized OAM features 

Message IDs 112-119 (Request / Command) and IDs 240-247 (Response / Confirmation)  
are defined as proprietary message in the G.991.2 standard. These messages can be used 
in combination with an additional protocol in top to cover all SDH and Ethernet provisioning, 
alarms and performance monitoring which are necessary to fulfil the need of the customer of 
an end to end managed network.  

4.7 Ethernet / SHDSL modem 

The following figure () shows the principle structure of an SHDSL / Ethernet modem in 
combination with SDH functionality.  

In the direction from SHDSL to Ethernet the received SHDSL signal is terminated (left side) 
in the SHDSL functional block. Then the SDH layer (VC12/TU12) is processed and 
terminated. In the VCG functional block the 4 different links are combined again before they 
are processed in the GFP function. The output is passed through the Layer 2 switch before 
the signal is electrical generated by the PHY block. 

In the direction from Ethernet to SHDSL the Ethernet signal is terminated in the PHY and 
processed in the layer 2 switch. Then the signal is mapped to the GFP frame before it is 
inversely multiplexed (VCG block). In each of the SDH and SHDSL blocks the corresponding 
frame is added before the signal is sent over the SHDSL line. 
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Figure 58: Detailed block diagram of SHDSL/ Etherne t modem  

4.8 Conclusion/ Summary: 

In this document a proposal for business customer is discussed to combine the installed 
base SDH technology with SHDSL for Ethernet transport of 10 Mbit/s via parallel bonding. 

The used Bonding Match to the Ethernet over SDH approach: This solution has the 
advantage that an end to end management over the complete Ethernet path is possible 
which makes it much more simpler for an operator to find the root cause in case of a problem 
in the network.  
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Besides this also the required Ethernet/ SHDSL modem is defined in details. 
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5. CONCLUSIONS 

MUSE subproject D addresses new high-speed technologies for future broadband access 
services. In this deliverable, the results of the different studies on DSL technologies were 
presented. To capture the main outcome of these studies, the following conclusions can be 
drawn. 

VDSL over Optics - A system for transmitting analogue VDSL signals over a sub-carrier 
multiplexed optical transmission system was presented.  The performance of which is 
currently achieving up to ~69% data transmission efficiency of the VDSL signals over 
unamplified fibre lengths of up to 45km with 4 VDSL signals being transmitted simultaneously 
in individual sub-carriers. 

Advanced VDSL Algorithms  - The performed simulations clearly identify the gains with 
respect to rate/range for different algorithms - spectra coordination, signal coordination and 
advanced coding schemes. The gains that are obtained from the spectra coordination are 
modest (<10%), depending on factors such as whether all lines apply spectra coordination or 
not, topology, etc. The gains in the case of signal coordination are significant (up to 90% 
downstream and up to 400% upstream). This applies mainly to distances up to 1km, so the 
goal of 1.5km to 2km has not been reached either. With respect to the turbo-coding, the 
improvements are applicable only for the AWGN. Simulations show that turbo codes are 
vulnerable to the impulse noise and since crosstalk, impulse noise, etc. are the main limiting 
factors in case of DSL, this solution is not practical. The requested target has not been 
reached, either. 

DSL for Small and Medium Enterprise  Applications -  In this document a proposal for 
business customer is discussed to combine the installed base SDH technology with SHDSL 
for Ethernet transport of 10 Mbit/s via parallel bonding. 

The used Bonding Match to the Ethernet over SDH approach: This solution has the 
advantage that an end to end management over the complete Ethernet path is possible 
which makes it much more simpler for an operator to find the root cause in case of a problem 
in the network. Besides this also the required Ethernet/ SHDSL modem is defined in details. 

 

 


