
A LOW COMPLEXITY COORDINATED FEXT CANCELLATION FOR VDSL

Amir Leshem and Li Youming

School of engineering
Bar Ilan University, 52900

Ramat-Gan, Israel
e-mail: leshema@eng.biu.ac.il

ABSTRACT

In this paper we study a simplified linear precoding scheme for
FEXT cancellation in VDSL downstream transmission. We com-
pare the proposed method to ideal zero forcing (ZF) FEXT can-
cellation and show that for multipair VDSL systems the method
achieves rates that are close to the optimal theoretical rates without
FEXT. We also derive a simple lower bound on the performance
that allows us to predict the performance of the proposed algo-
rithm. We end up with testing the proposed method on theoretical
and empirical channels.
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1. INTRODUCTION

The ever increasing demand for bandwidth in the access network
has pushed VDSL technology to a point where a single modem
(e.g., VDSL modem [1]) operating independently of other modems
in the same binder almost achieves the single channel capacity
where the capacity is limited by crosstalk from other users.While
there are about 4-5 dB that can still be improved using advanced
coding techniques such as turbo codes or low density parity check
codes, these might improve the VDSL rate at a given distance by
at most 1-2 bps/Hz. However as has been shown in [2] if one
coordinates the complete binder a substantial increase in the ca-
pacity of each user is achievable. In [3], [4] we analyze the case
of partial binder coordination and show that there is a need to
process at least half of the operating pairs in order to obtain sub-
stantial gain in capacity. In a typical VDSL deployment the fiber
optic network is terminated at an optical network unit (ONU).
Data is further distributed over the existing copper infrastructure
to the various users. This topology eliminates the need for ex-
pensive optical transceivers for each end user and allows sufficient
bandwidth to each user. Due to the distributed nature of the cus-
tomer premises equipment (CPE) any joint transmission or recep-
tion must take place at the optical network termination (ONU).
Therefore for downstream transmission the situation is similar to
a broadcast channel. As such a proper coding of the data enables
optimal data rate by each user. Recently several papers havedealt
with full coordination of downstream VDSL transmission. Ginis
and Cioffi [2] proposed a Tomlinson Harashima type non-linear
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precoding of FEXT. Cendrillon et. al [5], [6], have noted that it is
sufficient to use a linear precoder due to the diagonal domination
property of the FEXT coupling matrix, still their zero forcing so-
lution requires matrix inversion at each tone of the multichannel
DSL system. In this paper we consider the possibility of achieving
the FEXT precoding using a suboptimal but computationally effi-
cient scheme. We consider several approximations to the ZF linear
precoder based on the diagonal domination of the channel response
matrix H. For large number of pairs our solution is substantially
simpler with minor degradation in the achievable rate. It should be
further pointed out that since both methods are based on precoding
it is possible to select the correct scheme for each tone based on the
channel matrix without substantial performance penalty. Finally
we compare the performance of the proposed method in terms of
data rate to ideal FEXT cancellation and to no FEXT cancellation
using simulated and real crosstalk channels.

2. SIGNAL MODEL

In this section we describe the signal model of a multichannel pre-
coded system and demonstrate how an ideal ZF precoding would
improve the achievable rate of a VDSL system. We concentrateon
discrete multitone (DMT) systems where the transmission isdone
independently over many narrow sub-bands.

Assume that we have a binder consisting ofp twisted pairs, typ-
ical binders include 25,28, 50 or 100 pairs. Assume that a system
coordinating the transmission of allp pairs numbered1; : : : ; p is
operating in the binder. We further assume that the systems un-
der consideration operate in a frequency division duplexing mode
(FDD), where upstream and downstream transmissions are per-
formed at separate frequency bands, similar to VDSL. The re-
ceived signal at pairsi, 1;� i � p can be written asxi(t) = hi � si(t)+ Pl6=i hi;l � sl(t) + �i(t) (1)

wherehi is the i’th pair channel impulse response,hi;l are the
FEXT transfer functions from pairl to pair i, �k(t) is zero mean
circularly symmetric additive white Gaussian noise with covari-
ance matrixE (���)) = �2I (typically the AWGN power is
assumed to have a PSD of -140 dBm/Hz in DSL applications).
Translating to the frequency domain we obtain thatxi(f) = hi(f)si(f) +Pl6=i hi;l(f)sl(f) + �i(f) (2)

In vector form we can represent the received signal byx(fk) = H(fk)s(fk) + �(fk) (3)



where

H(fk) = 264 h1;1(fk) � � � h1;p(fk)
...

. . .
...hp;1(fk) � � � hp;p(fk) 375

is the channel frequency response,s(fk) = [s1(fk); : : : ; sp(fk)℄
are the frequency domain representations of the signals transmitted
by the system. Since we assume a discrete multitone transmission
we shall assume thatfk correspond to the frequency bins of the
specific DMT system at hand, and the signals at each frequency
are typically QAM modulated signals with modulation level deter-
mined by the SNR at the receiver at the given frequency. The mod-
ulation level varies from 2-QAM up to215 QAM when the signal
to noise ratio is sufficiently good. When the specific frequency
processed is not relevant for the discussion we shall suppress the
explicit dependence onfk.

3. FEXT CANCELLATION USING PRECODING

VDSL systems typically operate over short loops and the signal
to noise ratio is typically very high supporting very high spectral
efficiency of up to 15 bits per tone or equivalently 15 bps/Hz.In
this section we will use the assumption of good signal to noise ra-
tio to provide a computationally simple cross-talk precoding for
VDSL. As explained in the introduction joint processing canonly
be implemented at the ONU. Therefore FEXT cancellation can
only be implemented by precoding. The first proposal for precod-
ing (also named vectoring) was by Ginnis and Cioffi using a Tom-
linson Harashima type non-linear precoding. Following this work
it has been noted [5] that VDSL channel matrices are diagonally
dominated. For diagonally dominated matrices the loss in linear
precoding is small and therefore a zero forcing precoder achieves
near optimal performance. It should be noted that VDSL systems
include 4096 tone with more tones anticipated in next generation
VDSL2. Therefore the complexity of inverting a 25x25 or larger
matrices for each tone become a computationally intensive task. In
this section we propose to replace the ZF precoder by a simplified
precoder that requires substantially less computations. The basic
idea is to use the diagonal domination of the channel matrices to
perform an approximate inverse. To that end letH be the channel
matrix. We can decompose the channel matrixH as

H = D + E (4)

whereD and E are the matrices containing the diagonal and off
diagonal elements ofH respectively:

D = 264 h11 0
. . .0 hpp 375 (5)

E = 266664 0 h12 � � � h1ph21 . . .
. . .

...
...

. . . 0 hp�1;php;1 � � � hp;p�1 0 377775 ; (6)

Assuming that for everyi, jhiij >> Pl6=i jhilj we analyze two

approximations toH�1 using power series expansion. The first
approximation is performed using right multiplication by~H = �

I � D�1E
� : (7)

and left multiplication byD�1 at the receiver. Note that by our
assumptionD�1E has small elements compared to 1. Therefore
the precoding does not cause substantial changes in the transmit-
ted power and therefore can be considered as part of the natural
ripple of DMT systems. We now turn to second order approxima-
tion. Note thatD + E = D

�
I + D�1E

�
. SinceH is diagonally

dominated,I + D�1E is well conditioned as above. SoH�1 can
be approximated by

H�1 � �
I � D�1E + �D�1E

�2�
D�1

Defining ~H2 by ~H2 = I �D�1E + �D�1E
�2

We obtain that the received signal after precoding using~H2 is
given by x = �

D + E
�
D�1E

�2� s+ � (8)

Analysis of these two precoders yields closed form expressions
for the gain in achievable rate (compared to independent transmis-
sion) and the loss compared to ideal ZF precoding. We presentthe
results of the analysis without detailed derivation.

3.1. Analysis of precoding schemes

We turn now to analyze the first order approximation to the ZF pre-
coder given by (7). We provide the following bounds on achievable
rates with first and second order precoding.

Theorem 3.1 The total capacity for channeli when using first or-
der precoding is given byCi =Xk Ci (fk)
whereCi (fk) � �f log2 �SNR(fk)� ���f log2 �1 + �22(p� 2)2INR(fk)�
where

SNR(fk) = Psmax (fk)jhkiki (fk)j2N(fk) ;
INR(fk) = (p�1)�21jhk0k0 (fk)j2Psmax (fk)N(fk) (9)

are respectively the signal to noise and total FEXT to noise ratio
at frequencyfk,and�1; �2 are bounds on the FEXT coupling be-
tween pairi and other pairs and between other pairs and pairi
respectively.

The elements of the residual crosstalk coupling matrix� are
given by �il = (ED�1E)il = Xk 6=i;l hikhklhkk (10)

Therefore the received signal at thei’th receiver is given byxi = hiisi � pXl=1�ilsl + �i = h0iisi + n0i (11)



wheren0i is the total noise and residual crosstalk at thei’th channeln0i = �Xl6=i �ilsl + �i (12)

andh0ii = hii ��ii = hii �Pk 6=i hikhkihkk .
The received signal and noise power are given by:Psig(f; i) = Psi(f)jh0iij2 (13)Pnoise = N(f) +Xl6=i Psig(f; l) j�klj2 (14)

Suppose jhikj � �1jhkkj jhklj � �2jhkkj (15)

Here�max = max�1; �2 � kfextfkl 12 , andkfext = �22:5dB;l is the length in kilometers and a typical value of� is less than
-11.3 dB [5].

Let the maximal channel transfer function and maximum signal
PSD be defined respectively byjhk0k0 j = maxk jhkkj Psmax(f) = maxk Psk (f) (16)

In typical case all interferers will have similar PSD and channel
attenuation is similar, however we maintain the general notation
that is useful when some channel is impaired compared to the other
channels or when FEXT comes from systems using different PSD
mask. Using (16) and (15) we can show that the signal and noise
power can be bounded respectively byPsig � Psi(f) (jhiij � (p� 1)�1�2jhk0k0 j)2 (17)Pnoise � N(f)+(p�1)(n�2)2�21�22jhk0k0 j2Psmax(f) (18)

Therefore the achievable rate of a specific frequency binfk �f � fk +�f with gap� [7] is bounded byCi (fk) = �f log2(1 + Psig(fk)�Pnoise(fk) ) (19)

Some algebraic manipulations yieldCi (fk) � �f log2 �SNR(fk)� ���f log2 �1 + �22(p� 2)2INR(fk)� (20)

where INR(fk);SNR(fk) are defined by (9). The total capacity
for one channel is therefore given byC =Xk C (fk)
as was claimed. To gain some insight into the bound assume that
we are in a symmetric situation where�1 = �2 = �;Psi(fk) = Ps(fk)for all i� << 1pp�1 : (21)

The last assumption holds for all cases of interest, since its viola-
tion means that we are considering very low signal to noise ratio
in the uncoded case. Under these assumptions we obtain thatCFO (fk) � �f log2 �SNR(fk)� ���f log2 �1 + �2(p� 2)2INR(fk)�

Note that when no cancellation is performed we obtain similarlyCNC (fk) � �f log2 �SNR(fk)� ���f log2 (1 + INR(fk))
Therefore the additional spectral efficiency due to crosstalk can-
cellation is approximated by�CFO(fk) = CFO(fk)� CNC(fk)= ��f log2 1+�2(p�2)2INR(fk)1+INR(fk)
When the INR is high, i.e., we are in the FEXT limited case we
can approximate the capacity gain by�C(fk) = ��f log2 ��2(p� 2)2� : (22)

Note that this is always positive due to the assumption that� <<1pp�1 . Finally integrating over the transmission bandwidthB we
obtain that the additional rate is bounded by�CFO = B log2 ��2(p� 2)2� : (23)

Similarly one can prove a bound on the achievable rate for the
second order precodingC(fk) = �f log2(1 + Psig(fk)�Pnoise(fk) )� �f log2 SNR(fk)� ��f log2 (1 + �INR(fk))

(24)
where� = (p� 1)(p� 2)3�21�22

4. PERFORMANCE COMPARISONS

In figure 1, we evaluate the performance of the proposed method
through simulation of a binder of 4 VDSL lines. The channel trans-
fer function and FEXT used for simulation using 24-gauge line
without bridge taps are based on the model from [8].

The frequency bands used for downstream are 0.138-3.75 MHz,
5.2-8.5 MHz, and 12-20 MHz. In the first two frequency bands,
the transmit has -60 dBm/Hz,while in the last frequency bands,
the transmit has -70 dBm/Hz. The noise is assumed to be AGWN
with PSD of -140 dBm/Hz. Each modem has a coding gain of 3.8
dB, noise margin of 6 dB which results in a gap� = 12dB for
BER of10�7.

Figure 1 shows the data-rates achieved as a function of the
length of lines based on different precoding methods for 4 pre-
coded channels. From the figure we see that Zero-forcing and
third-order precoding leads to optimal performance, second-order
precoding has a little loss, while the loss for the first-order precod-
ing is apparent for short loop length. However, comparing toother
proposed precoding method, the computational complexity for the
first-order precoding is dramatically reduced.

In figure 2, we compare the achievable rates using the first
and second order precoding methods with the estimated capacity
bound when the assumptions of equation(21) hold, i.e. the ele-
ments in the off diagonal of the channel transmit matrix are identi-
cal, and all direct channels are identical. The figure demonstrates
that the bounds are quite tight.

Figure 3 presents the data-rates as a function of loop length
based on different precoding methods for 12 precoded channels.
The channel transfer matrix is still based on the simulated data as
in figure 1. From the figure we see that performance of our pre-
coding methods is decreases with the number of channels.
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Figure 1: Simulated performance of precoding techniques for 4
twisted pairs using the extended VDSL 998 band plan.
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Figure 2: Simulated performance of precoding techniques for 4
twisted pairs using the VDSL 998 band plan compared to theoret-
ical performance bounds.

5. CONCLUSIONS

We have presented a family of FEXT precoding techniques for co-
ordinated VDSL transmission. All proposed approximationshave
quadratic complexity in the umber of pairs. We have presented
some lower bounds on the achievable data rates using these tech-
niques. The lower bounds depend only on the FEXT coupling and
the number of pairs used. Finally we have demonstrated the gain in
achievable rate for both methods compared to no precoding, and
shown the good performance compared to ideal FEXT cancella-
tion. Detailed derivation of the bounds as well as more extensive
experimental study will appear later [9]
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Figure 3: Simulated performance of precoding techniques for 12
twisted pairs using the VDSL 998 band plan compared to theoret-
ical performance bounds.

R&D labs for providing crosstalk measurements.
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