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ABSTRACT observing their effect on the received SNR, seen from the

In this paper, we present some theoretical performance-eval'€ceiver side.

ation of the crosstalk precancelation method presentef] in [ In this paper, we focus on the method presented in [1] which

for DSL systems. This algorithm uses a limited feedbacky ;a4 on the feedback of the sign of the error signal on the
from the different receivers, returning only the (complex)

. £ 1h the detected bols. It undat thdetected symbols. The transmitter uses the combination of
Sign of (n€ error on the detected symbols. It upoates is feedback and of the knowledge of the transmitted sym-
precoder iteratively based on this information and on th

; : . ol to iteratively compute the precoder (or precancelam). |
knowledge of the transmitted symbols. Very little simula-y,is ethod, the precoder is computed directly without the
tion results had been presented in [1]. Here we first propo

Sfeed for the intermediate estimate of the crosstalk channel

a slightly modified and simplified version of the algorithm ., icients. The first contribution of this paper is to prese
which is significantly less complex. We derive approximate,

. . . i slightly modified version of the algorithm which is less com-
performance expressions for this modified version and co ghty 9

. , X dlex and avoids any matrix inversion without significant-per
pare them to simulation results, showing a very good matc

; rmance degradation. Then, the performance of the method
It is then shown how these results can be used to set the d‘é-) analyzed. Very little results were presented in [1], and
ferent parameters of the method.

the ones presented were using very long acquisition times
of more than 50 000 symbols, which is too long for practi-
1. INTRODUCTION cal purposes. The second objective of this paper is to show

Due to the use of higher bandwidths and shorter loops, théat (and how) the method can perform efficiently with much
FEXT (far end crosstalk) is becoming the main degradatiofPwer acquisition times (down to a few hundred symbols).
in some DSL systems such as VDSL2 (very high bit rate digAPProximate performance expressions are derived to quan-
ital subscriber line). For this reason, a number of precancdify the potential of the method, and they are compared to
lation techniques have been designed to decrease the efféinulation results to be validated. Finally, these expoess

of FEXT [2, 3, 4] in downstream, using the coordination atcan also easily be used to help setting the parameters of the
the CO (central office) and assuming no coordination at th&nethod.

receiver side, the CPE (customer premise equipment, ee. th

user’s equipment). 2. SYSTEM MODEL AND PRECODER

All these precancellation schemes rely on a good estimatiop.1 System model

of the crosstalk channels between the various lines, hence this section. the svstem model is oresented. and the itera
the issue of crosstalk channel estimation has to be solved 18 : lon, Yy ISp ' !

be able to use those schemes. The downstream channel eS§€ Precoder algorithm is summarized. We consider a DSL
fRlvironment where DMT modulation is employed. It is also

mation appears to be a much more complicate task than t 2cumed that the cvelic prefix is long enouah and that the
upstream channel estimation, and it has received some attefPoU! e cy P ong 9
tion in the literature recently. One straightforward way to'nd'v'dual user signals are transmitted synchronouslyniro

solve the problem is to use a set of pilot symbols, sent perit_he CO (central office) so that after DMT demodulation the

odically, to perform the tracking of the downstream chaanel ch@nnels (including crosstalk) are free of intersymbatint
atthe CPE. An example of this solution, applied to the VDSLIE"eNCe and intercarrier interference. The consideredainod
system is énalyzed in [5]. In [6], it is p;roposed to simplify is depicted in Figure 1. All operations can be applied tone-

: : i focus on one given tone only. ThereNtmes in
the precoder to its off-diagonal elements only, and an LM IS SO we ; : .
tracking algorithm is proposed that converges to the optimahe binder. The information symbols to be transmitted by the

off-diagonal solution. This is also essentially a pilosbd Q|fferent users are denoted byi =1,...,Nand are grouped

solution. These methods use part of the useful bit rate %Qto a vecto = [ul'é‘uN]T' The variance of the symbols on
pilot symbols and, in addition, the information about the es!IN€ i is denoted by . For simplicity, we assume some nor-
timates needs to be sent back to the CO periodically to updatealization of the symbols so tha = 1 on all lines. For the
the precoder. So this may lead to a large overhead. In order tone of interest, the channel model is written as

try to limit this overhead, some methods have been proposed

that only require to feedback tregn of the error samples y=Cx+n. (1)
(slicer errors) at the receiver [7, 1]. The entire estinmatio

processing is transferred at the central office. Recerttly, Here,x andy areN-dimensional vectors of transmitted and
has also been proposed in [8] to use SNR measurements, ireceived samples with entries corresponding to the diftere
troducing small perturbations on the transmitted sigrnad, a users (or equivalently, to the different line€§).is theN x N
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Figure 1: Principle of the structure for the iterative préepalgorithm

channel matrix for this tone, andis the vector of noise sam- The decisionyis taken as the closest symbol in the constel-
ples at the different receivers. The additive noise is agslim lation. It is assumed that the decision is correct with very
to be Gaussian with independent elements. The noise vafirigh probability. At the receiver, the decision noise (tisat
ance for user (receiver)s denoted byj,{i. Inthe model (1), the noise that was present on the decision variable) is com-
the diagonal entries of correspond to the line transmis- puted as

sion (also called direct channel later in this paper), tHe of vi = G — Gi. (8)

diagonal entries correspond to crosstalk channels. The offjnally, the principle used in this method is to feedback the
diagonal entries are always much smaller than the diagong|gn of the decision noise (both real and imaginary part):
entries in the row (row-wise diagonal dominance). o

_ , , V9" = sign(vi). 9)
Because the receivers are not collocated, ittie receiver ) ) ) )
only has access to theth entry ofyy for detection and/or Regrouping all the users simultaneously, it can be writeen a

estimation purposes. To mitigate the effect of crosstalk in y = Cx+n (10)
advance, the CO uses a precoder. We assume a linear pre-

coder as presented in [2], and later improved in [4]. To this = Hu+n (11)
end, the CO designs a precoding maffiand sends a = Hgly (12)
X —Eu @) v=0-u = (Hg'CF-Nhu+Hgn.  (13)

In the algorithm proposed in [1], the CO iteratively updates
on the different lines. In [2, 4], the design is such that thethe precodeF based on the received sign samples using the
combined precoder-channel mat@y is diagonal, or following update formula (see the reference for more detail

on the derivation):

F(k+1) =F(k)— uF T (K)Cq [V¥O(K)u" (k)] (14)

where the notatioilCy denotes the diagonal matrix formed whereX,q denotes the matriX for which all diagonal en-
by keeping only the diagonal entries ©f and wherex is a  tries have been set to 0/59"(k) represents the set of sign
normalization factor that ensures that the transmittedggow information that has been fed back from the CPE’s (for time
does not increase. The computation of the precoder requir@sdex k), the transmitted symbols™ (k) are known at the
an estimate of the crosstalk channel matrix. CO, andu is the stepsize of the algorithm which needs to be

chosen. In addition of the update equation (14), a normal-

Ygi?gc]i ttge:[ ;kr:(i:r?ge; (I:SC(?L(J:IEII;/teh ea r:g\geg]lgg %If rtr;](éderl e%%r(‘jgre_ Okfiation of the precoder matrik needs to be done to ensure
P P " that the power sent on each line is not increased. The is-

sue with this algorithm is that it requires a matrix inversio

F = aCCy ©)

y = Hu+n ) (F~T(k)) at each step and is thus quite complex. In prac-
H = CF. (5) tice, and thanks to the diagonal dominance of the system, it
. ] appears that the precodefk) is also mostly diagonal. The
2.2 lterative precoder algorithm productF—T (k)Cq is almost diagonal and hence we propose

The principle of the feedback used in this scheme is the folto replace the algorithm with this simpler, but almost equiv
lowing. The received symbols on lin@t the tone of interest alent version
is given by F(k+ 1) = F(K) — ug [vS9(k)u" (k 15
=3 o o © (1) =F0) — pa [P0 W]y (1)
Z where the stepsizgy is now adiagonal matrix. Each line
) ] ) ) has its own stepsize. It is even possible to consider varying
whereH;; is the corresponding entry in the matiik After  gtepsizes. We will restrict ourselves to fixed stepsizebén t

frequency equalization, assuming this equalization is1acc development below, although some comments will be pro-

rate, we get the following decision variable vided showing that varying stepsizes might be more efficient
" . Note that the complexity of this update formula is low since
G=ui+Y —uj+ AL (7) itinvolves one multiplication with the stepsize per linéyp
(Zi Hii ii one multiplication with a bit of sign per line.
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3. PERFORMANCE EVALUATION be somewhat slow for very high crosstalk situations, if the

stepsize is not chosen to be high enough. It is thus very im-
ortant to choose the stepwise wisely. Equation (23) allows
5 to do so if a target number of symbols is fixed and the ini-

tial level of interference is known. In tracking, the noise i

In this section, the performance of the algorithm is evaldat
Let us focus on the residual interference during the updat
of the precoder. The matrix of residual interference is give

by 1 dominant and the evolution is well approximated by
R=H;"CF—I. (16)
It measures how well the crosstalk is suppressed by the pre- ) ) 2 |Giil 2
coder. If we focus on a given linewe can observe the evo- Iri(k+21)= = [ri(k)|~| 1— TR oz (24)
lution of the residual interference vector Ty 04
20 2
i=[Rio ... Ri1 Ris1 ... Rinot]  (17) — K[ (1—\/—l;_'T\/SaNR> (25)

which is linei of the residual interference matrRR from ) - ) .
which the diagonal element has been remédvédkeally, this ~ Where 'SaNR denotes the signal to additive noise ratio for
vector should get close to zero as quickly as possible. tnserdine i, that is the ratio between the power of the received

ing the update equation (15) into the definition of the reaidu Signal and the noise not taking into account the influence of
interference, it follows crosstalk (or in other terms, the SNR that would be reached if

all crosstalk was removed perfectly). In our model it is give
(18) forlinei, by

R(k+1) = R(k) — Hg'Cpg [v*9"(K)u" (k)]

Thanks to the diagonal dominance, the behavior of each line 02|G;i |2 G2
can be approximated, by assuming that the channel is almost SaNR= ——— = o2 (26)
diagonal, as n; n;

Y =1 san In this tracking case, the evolution is exponential. Both be
ri(k) — pib C"V'S (k)_d" (k) (19) haviors are well confirmed by simulations as it is shown later
ri(kK) — wveo"(k) ' (k) (20)  on, but they provideaverage behavior only.

where; is the stepsize for liné and whereudenotes the Asymptotically, and because of the random nature of the it-
vector of symbolsi from which thei® entry was removed. erative process, the residual interference does not cantel
The last line comes by assuming th#i ~ C;j which is an-  completely. It continues to vary over time, around zero,
other consequence of the diagonal dominance. By taking th&ith some variance which characterizes the asymptotic per-
expectation of the second term in (20), it is possible to comformance of the algorithm. This asymptotic performance is
pute the average effect of the update equation on the résidugvaluated below. It is obtained by taking the expectation of
interference. This expectation depends on the consteiti the square norm of (20), and then assuming that the variance
used for the symbols; on the different lines. In order to Of the residual interferena@symptotically stabilizes to a con-
compute this, we approximate the probability distributidn ~ Stant value

the symbols with Gaussian distributions. In that case, and ) )

assuming a normalized symbol variangg = 1, it can be E[Iri(k+1)[*] =E[Iri(k)|7] . 27)
shown that (time indek is dropped for simplicity)

ri(k+1)

Q

%

The computation of all expectations is tedious but straight

E [ngnu } 2 rij (21) forward and is skipped here. Finally, we obtain the follogvin
i Yl = = variance i mptotic behavior:
VA i+ oz /Ici i
Ki(N-1)y/m
fori # j. The evolution of the residual interference vector is Elri(k)* = IZ(SW' (28)
then gizven by (on average, and for normalized symbol vari-
anceg;; = 1 on all lines) It can be seen that this depends on the SaNR of the line.
o (K Hence in practice, it is useful to consider different stegsi
ri(k4+1) =ri(k) — <H ri(k) ) (22) for the different lines as suggested in (15). All the results
ﬁ\/lri(k)|2+ 02 /|Cii[2 here are given for normalized symbol variancg & 1). If

the variance is not unity, stepsize(s) need to be scaledd@cco

It is interesting to analyze this formula. It appears to"9ly-
cause different behaviors whether the system is in acquisi-

tion 05 in tracging. I2n acquisition, the crosstalk is domiba 4. SIMULATION RESULTS
ri(k)|* >> o5, /|Giil* , and the evolution is well approxi- Thjis paragraph presents a few simulations with the consid-
mated by ered method. In all these simulations, we assume a system
(KD = Ir: (K| — 24 23) Wwith 5 users, but only 2 lines are shown. Crosstalk channels
ri(k+1)] = [ri(k) : (23) :
VT are generated with a log-normal model. The power, channel

eand noise conditions are set to obtain different SNR (or more
rprecisely SaNR) and crosstalk levels. First, It is intengst

to point out that long acquisition times, as used in [1], @t n
Lthis element is always zero by definition of the mafix necessary. In fact, if the stepsize is chosen carefully,himuc

It means that the amplitude of the residual interferencé-co
ficients decrease linearly. The resulting convergence mig
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quicker acquisition can be obtained. An example of simula-
tion is shown in figure 2 for a situation where the SaNR is 40
dB and the initial interference is at 23 dB below the useful
signal on all lines. The evolution of the remaining interfer
ence (crosstalk) is shown through the various iterationisef
algorithm. The interference is represented as a ratio ()n dE -20
with respect to the signal power. The stepsize has been fixe
according to (23) in order to converge in roughly 300 sym-
bols. Only 2 lines are shown. On the chosen duration, th
interference is rejected to almost 10 dB below the noise.

SaNR= 40 dB; mu = 21e-5

Now we compare the theoretical performance expressior
given above with several simulations in order to validate
them. Figure 3 compares the theoretical acquisition perfoi
mance (dash curve) with the simulation in a case with higt
initial crosstalk (SaNR=40 dB, and the initial crosstalk is
at 14 dB below the signal). The performance prediction is
quite accurate. Figure 4 compares the theoretical and sim
lation results for the tracking performance of the consder
method. The 2 displayed lines respectively have an SaN!
of 30 and 25 dB. The initial crosstalk is set below the noise ‘ ‘ ‘ ‘ ‘
to start in a tracking mode. Again, the match between the 0 200 400 Numberﬁé’fos bols 800 1000 1200
ory and simulation is very good. Finally, Figure 5 provides Y

a similar comparison for the asymptotic performance. The

horizontal dash lines represent the expected remainirgl lev ) _ o

of interference corresponding to the theoretical asyniptot Figure 2: Example simulation (SaNR=40 dB, initial crodstal
variance of the residual interferenEe[|ri|2}. Even though at23dB)

there remains a lot of variation, the predictions seemisidia

Remaining interference to signal power (dB)

In order to evaluate the potential of the method, Figure 6 pro
vides the performance for different crosstalk and noise sit
ations and different stepsizes, each time averaged ové 100
simulations. The situations are indicated by their SaNR and
SIR (signal to interference ratio, or in other terms, sigoal
initial crosstalk ratio). It illustrates the trade off betan the
asymptotic performance and the tracking speed that can be
obtained as a function of the stepsize (when stepsize is fixe SaNR= 40 B mu = 206-5

during the iterations). The tracking speed is here expdesse -10 ; ; , ;

as the number of samples needed to decrease the crosst Line 1
interference by 10 dB. Obviously, these results confirm tha 5 *° e asquisiton
the asymptotic performance does not depend on the initi

crosstalk since both situation with the same SaNR and di
ferent initial crosstalk behave similarly (of course theaie
sition time is different). Note that the performance desesa
observed at lower tracking speed for the bottom curve is du
to the limited length of the simulations. At lower tracking
speed, the asymptotic region was not always reached.

All simulations have been done with fixed stepsize. In prac
tice a fixed stepsize is not necessarily the best choice.
higher starting value will benefit a quicker acquisitiondan
the value can then be decreased for better asymptotic perfc 55
mance.

Remaining interference to signal power (dB)
&
o
T

. . .
0 200 400 600 800 1000 1200 1400 1600
Number of symbols

-60 I I I I

5. CONCLUSIONS

A slightly modifed version of the iterative precoder update

based on the feedback of the sign error, has been presentgidure 3: Comparison between predicted (dash line) and sim-
which avoids the need of any matrix inversion. Performancelated acquisition speed (SaNR=40 dB, initial crosstallkdat
expressions have been derived and they prove to be vegp).

close to simulated performance. These expressions allow us

to more easily set the parameters of the methods (mainly the

stepsizes) and evaluate its potential.
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SaNR= 30 dB; mu = 4e-5
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Figure 6: Asymptotic performance as a function of the track-
ing speed for different SNR/Crosstalk situations.

Figure 4: Comparison between predicted (dash line) and sim-

ulated tracking speed.
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Figure 5: Comparison between predicted (horizontal dash

lines) and simulated asymptotic performance.

2106

REFERENCES

J. Louveaux and A.-J. van der Veen, “Adaptive DSL crogsta
precancellation design using low rate feedback from entsiise
IEEE Sgnal Processing Letters, vol. 13, no. 11, pp. 665 — 668,
November 2006.

R. Cendrillon, G. Ginis, M. Moonen, J. Verlinden, and
T. Bostoen, “Improved linear crosstalk precompensation fo
DSL,” in IEEE International Conference on Acoustics, Speech
and Sgnal Processing (ICASSP), 2004.

G. Ginis and J. Cioffi, “Vectored transmission for didisub-
scriber line systemsJEEE Journal on Selected Areasin Com-
munications, vol. 20, no. 5, pp. 1085-1104, Jun. 2002.

A. Leshem and L. Youming, “A low complexity coordinated
FEXT cancellation technique for VDSL,” imternational Con-
ference on Electronics, Circuitsand Systems (ICECS 04), 2004.

J. L. Masson, M. Ouzzif, and I. Wahibi, “Channel estima-
tion using data and pilots for a coordinated DSL system,” in
IEEE Global Telecommunications Conference (GLOBECOM
'07), Washington DC, USA, 2007, pp. 2868—2872.

P. Duvaut, A. Mahadevan, M. Sorbara, E. Langberg, and
P. Biyani, “Adaptive off-diagonal MIMO pre-coder (ODMP)
for downstream DSL self FEXT cancellation,” iREE Global
Telecommuni cations Conference (GLOBECOM ' 07), Washing-

ton DC, USA, 2007, pp. 2910-2915.

J. Louveaux and A.-J. van der Veen, “Error sign feedbachra
alternative to pilots for the tracking of FEXT transfer faioos
in downstream VDSL,"EURASP Journal on Applied Sgnal
Processing, vol. 2006, pp. Article ID 94 105, 14 pages, 2006.

J. Louveaux, A. Kalakech, and L. Vandendorpe, “An SNR-
assisted crosstalk channel estimation techniqueRtac. |EEE
Symposium on Vehicular Technology (SCVT'09), Antwerp,
Belgium, 2008.



