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Full vectoring optimal power allocation in xDSL
channels under per-modem power constraints and
spectral mask constraints

exhaustive search [2]. For BC, a similar (dual) optimal ctiuze has
also been desribed called MMSE-Dirty Paper Coding (MMSEZRP
Moreover, owing to the diagonal dominance structure of thanoel
matrix, all these optimal structures can be simplified toaZ€orcing

Vincent Le Nir, Marc Moonen, Jan Verlinden, Mamoun Guenach(ZF) solution for the MAC (or a simple Diagonalizing Precod®P)

Abstract—In xDSL systems, crosstalk can be separated into two
categories, namely in-domain crosstalk and out-of-domaircrosstalk. In-
domain crosstalk is also refered to as self crosstalk. Outfalomain
crosstalk is crosstalk originating from outside the multipair system
and is also denoted as external noise (alien crosstalk, rawlifrequency
interference,...). While self crosstalk in itself can eabi be canceled by
a linear detector like the ZF detector, the presence of exteal noise
requires a more advanced processing. Coordination betweemansmitters
and receivers enables the self crosstalk and the external is® to be
mitigated using MIMO signal processing, usually by means o& whitening
filter and SVD. In this paper, we investigate the problem of firding the
optimal power allocation in MIMO xDSL systems in the presene of
self crosstalk and external noise. Optimal Tx/Rx structurs and power
allocation algorithms will be devised under practical limitations from
xDSL systems, namely per-modem total power constraints aridr spectral
mask constraints, leading to a generalized SVD-based tramgssion.
Simulation results are given for bonded VDSL2 systems with xernal
noise coming from ADSL2+ or VDSL2 disturbing lines, along wih a
comparison between algorithms with one-sided signal coomation either
only at the transmit side or the receive side.

Index Terms—MIMO systems, Optimization methods

|I. INTRODUCTION

for the BC) with transmit PSD’s obtained by single-user wiitig

[3], [4]. Finally, when there is no coordination, neitherthe receive
side nor at the transmit side, this leads to Interferencen@éla (IC)
where spectral management is employed to reduce crosE@iKC,

the optimal transmit PSD’s have been found by means of Optima

Spectrum Balancing (OSB) [5], [6].

External noise is most often the predominant interferer ang-
inates from outside the multi-pair system. With externaisapthe
diagonal dominance structure of the channel matrix is dgstt by
the necessary whitening, and hence the simple ZF solutiongal
with single-user waterfilling is found to be suboptimal. Thasic
idea of external noise cancellation is then to exploit theetation of
the noise to improve the performance of the transmissionhemte
to increase the total capacity. This noise correlation gapear in
the spatial domain (between pairs), the frequency domastwien
tones) or the mode domain (between common-mode and diffaken
mode) [7]. In a recent paper [8], it was shown that there isemor
benefit in exploiting the noise correlation between paitbeathan
the correlation between tones.

In this paper, we investigate the problem of finding the optim
power allocation in MIMO xDSL systems under self crosstatid a
external noise and with two-sided coordination exploitthg noise

The growing demand for high speed services in access ngwoﬂ@rrelation between pairs. Coordination between trartemsitand

calls for new paradigms offering an increased capacity agiteb
performance. Thanks to the success of x-Digital Subscriliees
(xDSL) and ADSL in particular, service providers begin tandbi
copper pairs, allowing customers to be served with high&ateis

receivers enables the self crosstalk and the external roiske
mitigated using MIMO signal processing by means of a whitgni
filter and Singular Value Decomposition (SVD). Optimal anit-
ter/receiver (Tx/Rx) structures and power allocation athons will

through the usage of adequate Multiple Input Multiple OutplPe devised with practical limitations from xDSL systemsmedy

(MIMO) signal processing algorithms. This processing isoato
provide a suitable crosstalk interference mitigation. DSL systems,
crosstalk can be separated into two categories, namelyorimadh
crosstalk and out-of-domain crosstalk. In-domain crdksis also
refered to as self crosstalk. Out-of-domain crosstalk issstalk
originating from outside the multi-pair system and is alsnated
as external noise (alien crosstalk, radio frequency iaterice,...).
Self crosstalk cancellation has been studied for two-siceat-
dination vector channels and for one-sided coordinationltime

per-modem total power constraints and spectral mask @ntr
leading to a generalized SVD-based transmission. Comparég]
where the external noise is mitigated under a total powestraimt
without self crosstalk, the proposed algorithms mitigdte ¢xternal
noise under per-modem total power constraints and spectsask
constraints considering the self crosstalk. Capitalizingthe results
of [8] where it is shown that there is more correlation in tipatial
domain than the frequency domain, we consider the coroelainly
in the spatial domain. Contrary to [7] where CSI is availabtdy

Access Channels (MAC) or Broadcast Channels (BC). For twél the receive side and the external noise is mitigated bynvama

sided coordination vector channels, the Channel Staterhaton
(CSl) is available at both the transmitter and the receiker. this
full vectoring problem, the optimal precoding at the traitten
and equalization at the receiver as well as optimal Powectgde
Densities (PSD's) are obtained through the SVD of the chiamagrix
combined with standard waterfilling [1]. For one-sided aboation
MAC or BC, only the receivers for the MAC or the transmittecs f

mode exploitation, our algorithms assume CSI at the tranand the
receive sides.

In section Il, we first recall the optimal power allocationr fo
two-sided coordination vector channels (i.e. full veatgi with self
crosstalk and external noise under a total power constrdihe
primal MIMO capacity optimization problem subject to a iqtawer
constraint coupled over the tones is transformed into aectdn of

the BC can cooperate. It has been shown that the optimaltsteuc Per-tone unconstrained optimization problems using a guatblem

for MAC is a Minimum Mean Square Error-Decision Feedbackormulation. We derive optimal transmitter and receivenustures

Equalizer (MMSE-DFE) along with a power allocation found byPrecoders and equalizers) in combination with power ation
which achieve MIMO channel capacity. Secondly, we devise th
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constraints and spectral mask constraints, leading to argkred
SVD-based transmission (section 1ll). Similar derivaticare given
for the special (or simpler) per-modem total power constsecase.
Simulation results are given for bonded VDSL2 systems witemal
noise coming from ADSL2+ or VDSL2 disturbing lines, alongthwi
a comparison between algorithms with one-sided signaldtoation
either only at the transmit side or the receive side (sedin
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Il. TOTAL POWER CONSTRAINT evaluations of the dual objective function (4), i.e. maxations of

In this paragraph, we recall the classical SVD-based ayori he Lagrangian, which is decoupled over the tones for thergi.
with optimal power allocation for two-sided coordinatiorector BY €xploiting the Cholesky decompositidd; = LL;, whereL; is
channels with self crosstalk and external noise under 4 pataer & lOWer triangular matrix (whose inverse will be used to whithe
constraint. We assume that transmitters use Discrete Nate NOiSe at the receive side), we obtain the following equafiasing
(DMT) modulation with a cyclic prefix longer than the maximumthe Propertydet(I+ AB) = det(I+ BA)):
delay spread of the channel. As shown in [8], there is moreetation
in the spatial domain than the frequency domain. In this e Ne
exploit tEe noise correlation in the sqpatialydomain and vmjagatf]at L, (Ri)i=1..n.) = Z; <1092 [det (T+ Ly "H: @ H'L")]
the external noise is synchronized with the MIMO system.réfoee,

there is no correlation in the frequency domain and the aateroise —XTrace(®;) | + AP™!
is decoupled over the tones. The transmission over one @mé¢hen
be modelled as: . N ] @)
The Singular Value Decomposition (SVD) of the withened cten
yi=Hxi+n, i=1...N. 1 L; "H; = U;D;V;" transforms the inital channel into a product

between two unitary matrice®J;, VZ and a diagonal matrix of
where N. is the number of subcarriersg; is the vector of N singular valued;.
transmitted signals on tong y; the received signal vectoH; the
N x N MIMO channel matrix anch; the vector of noise containing N,
Additive White Gaussian Noise (AWGN) and external noisée@l L(X, (®;)i=1. n.) = 5. <1092 [det (I+U;D;VI®,V,D;U/)]
crosstalk, radio frequency interference,...). The prirpedblem of i=1
finding optimal PSD’s for a MIMO binder under a total power

— . tot
constraintP*! is: ATmC@@’z)) + AP

c(® = (®)
(@nX (®i)i=1.. N By setting®; = VI’ ®;V; we can rewrite this as:
Ne
subject toy |, Trace(®;) < P** @ N
®; = 0,1 :11 ... N, LO(®:)iz1.n,) =S <logz [det (I + chﬁz)]
B =1
©)

with ®; the covariance matrix of transmitted symb@is = E[x;x/] AT & |\ ptot
over tone i for the MIMO binder and with the objective functibeing —ATrace(®:) | +
the MIMO capacity summed over th¥. tones [9]:

N, The off-diagonal elements i®; merely reduce the determinant
C(®:)im1. v, = Zl092 [det (I n HiQin{Ri’l)] 3) owing to diagonal matriceD?is and _the_propert)det(l +A) g
o Trace(I+ A). Hence the optimafp; is diagonal. In order to find

) ) ) ] - the maximum, we compute the derivative of the function:
Here,R; is the covariance matrix of the noi®; = E[n;n;’']. The

idea of dual decomposition is to solve (2) via its Lagrandia]. AL, (®i)i=1...N,)

— 1 N -2 ~_ -1 —
7ln(2)dzag{(Di +<I>Z) ] AL =0

The Lagrangian decouples into a set 8f smaller problem, thus dd;
reducing the complexity of equation (2). The dual objecfivection ] o (10)
is: The optimal®; is given by:
1 Py
FO) = (qa)rin:?(_wcﬁ()‘v (®i)i=1...N.) (4) =V {ln@))\ it } Vi (1)
with where the[]™ operation is inserted in order to obtain positive

semi-definite®;’s in formula (2). This is the well-known closed
N form waterfilling solution for MIMO systents The optimal power
LOG(®:)i1.N,) = i logs [det (I + HﬁI%-H?R;l)} allocation consists of finding th(_e optimal I__agrange muiéiplvhich
i=1 meets the total power constraint according to (11). The derap
rot algorithm for the optimal power allocation under a total mow
—AT'race(®:) | + AP constraint is given in the Annex A. The optimal Tx structuseagiven
5y by the precoding matri%; while the optimal Rx structure is given by
©) h li iU leadi llel SISO defined
with X the Lagrange multiplier. The dual optimization problem is: Le equalizer matrbU;” leading to parallel SISO systems as define
y:
miniArnize F()) ©)
subject to A >0 U/L;'y: = Di% + U/'L; 'n; (12)

Because the dual function is convex &y standard convex op-  1gqr practical implementations, we introduce the SNR Hapferred as the
timization results guarantee that the primal problem (2}l @he code gap in [12] which is the SNR multiplier required to agkighe target
dual problem (6) have the same solution [11]. Indeed, theatie probability of error at the desired data rate. Considering samel” for the
and constraint functions are differentiable and the Sttanditions different virtual channels, the optimak; is given by:
are satisfied, therefore the duality gap is zero and the nuimim
of the dual function corresponds to the global optimum of the
primal problem [10]. The search for the optimalin (6) involves

—2 + H
—-TD;?| V!

®=V;|—— T
n(2)A i
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with the optimal power allocation under a total power comsir function corresponds to the global optimum of the primalbbem
driven by (11). [10]. The search for the optimak, A+,..., Ay, in (16) involves
evaluations of the dual objective function (14), i.e. magz@tions
[Il. PER-MODEM TOTAL POWER CONSTRAINTS AND SPECTRAL  Of the Lagrangian, which is decoupled over the tones for ilieng
MASK CONSTRAINTS matricesA, A1, ..., An,. By exploiting the Cholesky decomposition
In the xDSL context, it is more relevant to consider a corstra i = LiL, whereL; is a lower triangular matrix (whose inverse
on the power of each modem separately instead of a conswaint Wil P& used to whiten the noise at the receive side), we obliae
the power for all modems together. DSL standardizationnofiefines  10/10Wing equation (using the propertiet (I+AB) = det(I+BA)):
spectral masks that each transmitter has to satisfy as wéfieatotal
power that each transmitter can transmit. In this sectiandewvise the

. X X o LA AL, AN, (®i)iz1..N.) =
optimal power allocation for two-sided coordination vecthannels

Ne
with self crosstalk and external noise under per-moden tmtaver > | loga [det T+ L; 'H;&HIL; )]
constraints (i.e. a single total power constraint for afigs per line) =1
and spectral mask constraints as well as their correspgrmtimal ~ ) o 17)
Tx/RX structures. —Trace((A + Ai)®;) | + Trace (Adiag(P;"))
N¢ .
A mask,j
A. Optimal power allocation + Z; Trace (A’Ldmg (¢ ))

The primal problem of finding optimal PSD’s for a MIMO binder . - .
under per-modem total power constrairﬂ?“t and spectral mask The Singular Value Decomposition (SVD) of the whitened cten

-1H. ANV Y2 — U.D.VHE
constraints is: LZ H;(A + Ay) = UZDZ_VZ trans_forms t}r}e initial phannel
into a product between two unitary matrices, V;* and a diagonal
max C(®;)i=1..nN. matrix of singular value®;.
(®i)i=1...N,
; Js tot \/s;
subject tozgl[q)z]]] < Pj J (13) ,C(A7 Ah o ANN (‘pi)izl.uNc) _
[@i];; < 67" Vi V) Ne -
& 20,i—1.. N, 3 | logeldet(1 + UDVI (A + Ai)' /9,
with the objective function being the MIMO capacity summedio (A + A)V2V,D, UM — Trace(VE (A + A)V%®; (18)
the N. tones given by (3). Again, we can apply the idea of dual = 1/ ] rot
decomposition by decoupling the primal problem in& smaller (A + Ai)'/2V3) | + Trace (Adiag(P;"))
problems [10] considering the per-modem total power caiists and N, _ ,
the spectral amsk constraints. The dual objective fundson + > Trace (Aidiag(¢§"“8k’3))
i=1
F(A,Ay,...,AN,) = @ )max LA AL, ... AN, (®i)ie1.n,) Bysetting®; = VI (A+A:)"/2®;(A+A:)"/?V; we can rewrite
i)i=1...N¢ .
(14) (18) as:
with
LA AL, .. AN, (@)= = - - - Ne -
I 0 R R @0 v = 5 (1o [ (107
> | loga [det (1+H:®HIR; )] =t

- (15) —Trace(ih-)) + Trace (Adiag(P}°"))
—Trace((A+ IL)@L)) + Trace (Adiag(P]’-f"t)) N
< A mask,j

N, - s +i§1 Trace (Aldzag(qﬁi ))
+ Z Trace (Aidzag(gzﬁi ])) (19)

= o ) In order to find the maximum, we compute the derivative of the
The Lagrange multipliers corresponding to the per-modenal to Lagrangian:
power constraints are contained in the diagonal matAix =

diag(A1,...,An), the Lagrange multipliers corresponding to the dC(A AL, ... AN, (®:)i=1..N,)
spectral mask constraints for tone i are contained in the di- 1%, 20
agonal matrixA; = diag(\i,...,Aiv). The diagonal matrix . o =\ (20)
diag(¢7" 7Y = diag(p]" ™', ..., ¢ ***N) corresponds to the n diag {(Dz +‘I>i) -1=0
spectral mask for user j and tone i. The dual optimizatiorbjem )
is: The optimal®; is given by:

minimize F(A,Aq,...,AN,) 1 1+

A’A]’_“”’ANC - ~ (16) P, = (A + [&i)fl/QVi l:— — D;2 VZH(A + Ai)71/2

SUbjeCt to [A]jj, [A1]jj, Ceey [ANC]jj >0 V.] ln(2) J (21)
The dual function is convex i\, A, ..., Ay,, therefore standard where the[.]™ operation is inserted in order to obtain positive semi-
convex optimization results guarantee that the primal lprob(13) definite®;’s in formula (13). One can note that the precoder formulas
and the dual problem (16) have the same solution [11]. The Lare a function of the Lagrange multipliers, A1, ..., Ax,’s. This

grangian is differentiable and the Slater's conditions satisfied, is the new generalized SVD-based closed form solution fo@I
therefore the duality gap is zero and the minimum of the dualystems under per-modem total power constraints and speatisk



constraints.

B. Optimal TX/Rx structure

The Tx/Rx structure is obtained as follows. The first stepais
find the optimal Lagrange multipliers defined for the per-mod
total power constraint and the spectral mask constrainterding
to the dual objective functiod’ (A, A1,...,Ax,). As the function
is continuous differentiable, the search algorithm canaigeadient-
descent like method to find the optimal Lagrange multipliensl is
guaranteed to converge. The algorithm tries to convergeetutite
per-modem total power constraints over the tones and indite
optimization tries to converge on a per-tone basis to alssfga
the spectral mask constraints. The complete algorithm afepo
allocation under per-modem total power constraints andtsplanask
constraints is given in the Annex B. After calculating thetioml
Lagrange multipliers, we can calculate for each tone the $¥he
whitened channel scaled by the Lagrange multipliefs H; (A op: -+
Aiopt)”/? = UDVFH
(Aopt + A opt) "H/?V,; and the received symbols By leading to:

UL 'y = UPL " Hi(Aops + Aiope) Vi + UPL; 'y
(22)
This leads to parallel SISO systems as defined by:

UL 'y, = Di%k + UL 'ny (23)
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Nec
=1
t
_Trace(A<I>i)> + Trace (Adiag(P}"))
(26)
The dual optimization problem is:
F(A)
subjectto A\; >0 Vj

minimize
A (27)

The search for the optimalA involves evaluations of the dual
objective function, i.e. maximizations of the Lagrangiamhich
is decoupled over the tones for a given sets. By exploiting
the Cholesky decompositiolR; = L;L, by defining the A-
dependent) SVOL; 'H,A~'/? = U;D, V¥ and by setting®; =
VIAY2®,A'?V,;, we can reformulate the optimization problem

and multiply the transmitted symbols by ;.

Ne

LA, (®:)im1.n.) =,

=1

(logz [det (I + D?‘i%)]
(28)
_Trace(tii)> 4+ Trace (Adiag(Pjt"t))

We compute the derivative of the function in order to find the

with the optimal power allocation under per-modem total POW mayimum, therefore the optimal power allocation is given by

constraints and spectral mask constraints driven by (21).

C. Per-modem total power constraints

In this paragraph we recall the main steps for finding thenogti
power allocation and optimal Tx/Rx structures with selfsstalk and
external noise under per-modem total power constraintsghiethe
SVD-based algorithm under per-modem total power congsdior
the readers who are interested in the derivations withdetniag to
the more complicated SVD-based algorithm under per-modsed t
power constraints and spectral mask constraifitee primal problem
of finding optimal PSD’s for a MIMO binder under per-modematot
power constraints?;/*" is:

max

C(®i)i=1...n,
(®i)i=1...N, ( )

subject to%f [®];; < PI°t V) (24)
B > 0i=1.. N,
The dual objective function is:
FA)= max L(A,(®i)i=1..n,) (25)
(®i)i=1...N.
with A a diagonal matrix of Lagrange

diag(A1,...,An) and

2For practical implementations, we again introduce the SHRIgreferred
as the code gap in [12] which is the SNR multiplier requirecathieve the
target probability of error at the desired data rate. Coeréid) the samd”
for the different virtual channels, the optimd; is given by:

{ﬁ - FD;2} ' VHEA+A))

-1/2,

®; = (A+A) PV, oz

3The optimal power allocation under_per-modem total powenst@ints
can be found directly from (21) by settin§i, ..., An, = 0. Moreover, the
optimal power allocation under a total power constraint barfound directly
from (21) by settingAy,..., Ay, =0 and A = AI

&, — A2V, [i B D_,Q}*VHAJN
In(2) ‘ ‘
The complete algorithm of power allocation under per-modetal
power constraints is given in the Annex C. After calculatitige
optimal Lagrange multipliers, we can calculate for eachetdhe
SVD of the whitened channel scaled by the Lagrange multiplie
L;'H;A,,/” = U,D; V¥, where A, is the optimal setting for
the Lagrange multipliers, we multiply the transmitted syitsbby

A,/*V; and the received symbols By’ leading to:

(29)

UL 'y, = UL 'HiA, /P Viki + UL 'y (30)
This leads to parallel SISO systems as defined by:
U/L;'y; = D:i%; + U/L; 'n, (31)

with the optimal power allocation under per-modem total pow
constraints driven by (29).

multipliers D. Remark

The power allocation problem under a total power constraird
spectral mask constraints can be solved similarly to theblpro
of power allocation under per-modem total power constsaiand
spectral mask constraints. In this cake= A\I. The same derivation
as in the previous section can be given. The optimal powecation
under total power constraint is then given by:

o -2y, | L
®; = (AI+A;) 7V, {ln@)
The PSD’s formula and the algorithm description can be asil

modified accordingly.

+
D;Q} VIAI+A:) Y2 (32)
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Fig. 1. Rates obtained in a downlink scenario of the SVD-thagorithm  Fig. 2. Rates obtained in an uplink scenario of the SVD-badgdrithm
with per-modem total power constraint and the DiagonajjziPrecoder for with per-modem total power constraint and the ZF receiverADSL2+ and
ADSL2+ and VDSL2 disturbing lines VDSL2 disturbing lines

IV. RESULTS the channel matrix. The length of the bonded lines are 80Gmet

Far End Crosstalk (FEXT) and Near End Crosstalk (NEXT) ms:de]’,\’h'le the couhplllng lzlt(a)t(\;veen the bc;]ndgd lines aF?d the dlslgrbl
are well known in the literature for xDSL [7]. The NEXT and FEX Ines occurs the last meters to the Customer Premisepieut

models for ADSL/HDSL may be no longer applicable to VDSLZ(CPE,)' ADSL2+ distur_bing Iines_ and VDSL2 disturbing Iin_eh(w;e
due to much larger bandwidth. In this paper, the simulati@ssilts PSD's are set to th_elr re_spectlve s_pectral masks are smu_m
are obtained on measured channels from a France Telecomrbin'}f”_Mo b!nder of 8 lines is used, with the number c_)f co_ordmated
with 8 lines of 800 meters and external noise coming from 4cRArS 9oing from 1 to 8 and the number of disturbing lines from
meters lines. We look at the performance of VDSL2 lines witho t 710 .respectwely. In egch case, élﬁ) combinations are uged
different sources of external noise. The two sources ofreataoise to provide an average bit-rate. When the number of coordihat

consist of ADSL2+ or VDSL2 disturbing lines having their PSRt pgdirs equgls to 8,fthere is rjl'oh egtsgall)l no(ijs;e and _thl_ij th?f’ pro
spectral masks [13], [14]. This gives an indication of thatistical Vides maximum performance. The -based transmissiom pat-

variations of the achievable bit-rates of the presentedralgns modem total power constraint performs better than the DR pétr-

because different combinations of pairs may be bundledefRac modem constraint owing to the exploitation of the noise eation

crosstalk channels for VDSL2 have been characterized asryric ?ﬁ/ V\rl]hitﬁnirt'ﬁ' Moreover, th?.hi?her th? S.ltjmlzerloffco?r\t(\jriig?l)a.irs,
models [15]. Therefore, the optimal Tx/Rx structures andvemo € higher the Improvement in terms of bit-rate. in tact, ening

allocation algorithms proposed in this article can also keduin process provides more cancel!atlon peffor.mar]ce of theurtiistg
such generic modéls lines when the number of coordinated pairs is higher thamthsber

We use spectral masks for VDSL2 Fiber To The exchange (FTTe%?g(:Eiu[Eg'ng {'/rE)eng‘lig(:uf?:theenii eSCtLT)I 't-ga;kz()f'\/m)zslj[ﬁ:"\ﬂ/;gL 5

as described in [14], with SNR gap=10.8 dB (Shannon gap=9.8 disturbing lines have much more impact on the consideredidbn

dB, margin=6 dB and coding gain=5 dB) to achieve the targelRBEI_ b th calk i the f X
an AWGN of -140 dBm/Hz and maximum transmit powef**=14.5 INES LECaUSE the CrosstaliinCreases as he Tequen@ases.
We have simulated the one-sided coordination BC Minimum

dBm per line. The power spectrum of the disturbing system$ADR+ ) . ,
or VDSL?2) is set to its spectral mask [13], [14]. The freqqencMean Square Error-Dirty Paper Coding (MMSE-DPC) algoritima

range is from O to 12 MHz with 4.3125 kHz spacing betweeHownlink scenario with optimal power allocation found byhaustive
subcarriers and 4 kHz symbol rate 'fhe FDD band plan of VDSLSfarCh without external noise cancellation since nois¢antrig is not
corresponds to 2 frequency bands in the downlink scenariohwdre possible at the transmit side [2]. For the 2 user case(jbmg:hannels
138kHz-3.75MHz and 5.2MHz-8.5MHz. In the uplink scenatiis 1ave been processed and they lead to an average bit-rate 9% 14
corresponds to 3 frequency bands 25kHz-138kHz, 3.75MENMBZ Mbps in the case of VDSL2 disturbing lines compared to 15.6{p#

and 8.5MHz-12MHz. The processing of the bundled systembds tfor the SVD-based solunop with per-modem total power caiists.
same for both cases. Therefore the external noise degreases thg performqndmeorbne-
Fig.1 shows the comparison between the two-sided coordinati hded BC M.MSE'DPF: algorithm in a downlink scenario. The_ SVD-
vector channels SVD-based algorithm and the one-sidedlgwiion aseq algorl_thm prowd_es an upper bound on the achlevapha_cctg
BC Diagonalizing Precoder (DP) algorithm with per-modentato thus it eprmt_s thg equivalent whitened channel matrix rghaptimal
power constraint in a downlink scenario [4]. The BC DP cptegls power allocation is found by a closed form formula contrasyohe-

to a scaled version of the ZF precoder by the diagonal el it sided coordination BC MMSE-DPC where optimal power allarat
is found by exhaustive search.

4Note that from the implementation point of view, once theiropt covari- Fig.2 shows the comparison b?tween the tWO'Siqed goorplination
ance matrice¢®;);—1._n, are determined, the transmitted data symbgls Vvector channels SVD-based algorithm and the one-sidedizwiion
can be constructed as follows: MAC ZF receiver with per-modem total power constraint in gafink

hl) The NCX 1 vector of the '\é'QAM de;tahsym[bolsé]is preCOdeg ésglng scenario [3]. Similar conclusions can be told for this corigum,

the N x N C; matrix, i.e.x; = C;s;, such thatE[x;x;"] = ®; = C;C; . . . . .

from Cholesky decomposition (a®; is a positive semi-definite matrix). however gven if ”?e whitening step is possible f_it the recsitte, the
2) Thenx; will be sent on theV lines (thej™ element ofx; will be sent ZF equalizer can't take advantage of the equivalent chaasehe

on the;" line). SVD scheme does. Indeed, the ZF structure consists of arsioneof
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the channel matrix, and the performance is not changed lerting

the whitened channel. Moreover, there is a very small difiee
between ZF and SVD schemes for ADSL2+ crosstalkers because
they don’t harm the VDSL2 lines. Indeed, the bandwidth imed

in the uplink scenario is the 25kHz-138kHz bandwidth, thene
SISO schemes with 7 ADSL2+ crosstalkers and 8x8 MIMO schemes
with no ADSL2+ crosstalkers have almost the same performanc
Contrary to ADSL2+ crosstalkers, VDSL2 crosstalkers daseethe
performance of the VDSL2 lines. For the 2 user case, the meals
coordination MAC MMSE-Decision Feedback Equalizer (MMSE-
DFE) algorithm leads to an average bit-rate of 4.20 Mbps indase

of VDSL2 disturbing lines, which is similar to the averageé-iaite of

the SVD-based algorithm. In this case, the whitening isiptesat the
receive side and the MMSE-DFE receiver can exploit the edent
channel.

Fig.3 and Fig.4 show the bit-rate performance of the two-sided
coordination vector channels SVD algorithm under per-nmodetal
power constraints and spectral mask constraints for thentilokvand
the uplink scenario with ADSL2+ and VDSL2 disturbing linéthe
(;f,) combinations are used to provide an average bit-rate, amoimi
bit-rate and a maximum bit-rate, thus the variations inrates using
all different permutations. One can observe that the rarfgbite
rates diminishes as the number of coordinated lines inesedbhe
comments given ifFig.1 and Fig.2 also apply to these figures.

Fig.5 andFig.6 give the bit-rate performance of the two-sided co-
ordination vector channels SVD-based algorithms undeta power
constraint, per-modem total power constraints using (aepiosi)
truncation by the spectral maskper-modem total power constraints
and spectral mask constraints for the downlink and the kglaenario
with ADSL2+ and VDSL?2 disturbing lines. A total power coratit
gives an extra degree of freedom compared to per-modempiotar
constraints and thus achieves better performance. Sicdlaiments
from the previous figures could be told. We observe that there
are very small differences between bit-rates under a totavep
constraint and bit-rates under per-modem total power caimés. For
the SVD algorithm with per-modem total power constraints\gqa
posteriori) truncation by the spectral mask, the spectratka are

5The truncation by the spectral mask cuts the optimal PSDRisdoby the
SVD-based algorithm under per-modem total power condtraamd do not
distribute to further tones the power loss due to the trianathen the PSD’s
are higher than the spectral mask
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directly applied to the optimal PSD’s under per-modem tpaler noise using the noise correlation between differentialenand
constraints. There is a noticeable difference betweeneff@pnance common-mode signals, or between different tones when derisp
of the SVD algorithm using truncation by spectral mask ardSNWD asynchronous external noise.
algorithm under spectral mask constraints especially & uplink
scenario. In fact, this optimization process allows a betigtribution
of the power over the tones by setting the optimal PSD’s latigan
the spectral mask at the spectral mask and thus saving pawer f
other tones.
We can notice that the gain of the proposed techniques atigsn ANNEX
from the MIMO diversity gain and does not originates from evat
filling on the considered loops. In fact, the eigenvaluesdusethe
SVD-based algorithms do not have a significant impact on fitienal
power allocation. The inverse of eigenvalues is in the oafer0 3 This Annex provide the algorithms for finding the optimal La-
and the water level is arount) = for the considered loops and thegrange multipliers for the two-sided coordination vectdracnels
total power constraint in (11) (the same behaviour can berwbd SVD-based algorithms under a total power constraint, pedem
under per-modem total power constraints and mask conttrain total power constraints and spectral mask constraints angnpdem
(21)). As the heart of the waterfilling solution reduces theav level total power constraints respectively.
by the inverse of the eigenvalues, we observe only smalhtiaris
around the water level and the waterfilling operation leaadlat
PSD’s. Destroying this diagonal dominance by increasirniically
the crosstalk before the withening operation, results ia@acity gain
originating both from MIMO diversity and the waterfilling ges. The
resulted optimal power allocation (not included in the nemipt for A, Total power constraint
the space limitations) is no longer flat for the two lines.sTHuggests
that these SVD-based algorithms could have a significantadtinp
in the wireless context where the channel matrix is not diatjg The following algorithm provides the optimal power allcioat for
dominant. the two-sided coordination vector channels under selfstatis and
In general, in VDSL2 scenario’s with a binder with equal léng external noise using an SVD-based algorithm. The lates tigefind
cables, we can expect that per-modem total power constraimd in an iterative way the optimal Lagrange multiplier to mee total
spectral mask constraints do not degrade performanceewhédse power constraint.
constraints do lead to more practical, implementable aaddstrds-
compliant solutions. Moreover, power allocation algarith under
spectral mask constraints can provide better performancepared Algorithm 1 Total power constraint
to a simpler power allocation procedure where the spectraskm jnii = |
constraints are first removed from the optimization problamd then it step = 2
imposed onto the computed PSD’s. This is especially so imkipl it 3 — o
scenario's or even more in a scenario where optimal PSD'ddoel . . — v/,
much larger than spectral mask PSD’s.

+
D 2| VHvwv

I S
n(2)X i

NC
while | 3 Trace(®;) — P'*| > tolerance
i=1

V. CONCLUSION i
NC
In this paper, we have investigated the problem of finding the if S Trace(®;) — P <0
optimal power allocation in MIMO xDSL systems under selfsstalk i=1 b—bt1
and external noise and with two-sided coordination (fultteeing). )\: X/step

Optimal Tx/Rx structures and power allocation algorithnasénbeen
devised under practical limitations from xDSL systems, anper-
modem total power constraints and spectral mask constrde@#ding
to a generalized SVD-based transmission. Simulation tesuére +
given for bonded VDSL2 systems with external noise comirgfr ®; =V, [ﬁ -D;?| Vilvi
ADSL2+ or VDSL2 disturhing lines, along with a comparisontiwi €nd while

algorithms with one-sided signal coordination, eitheryaatithe trans-
mit side or the receive side. The two-sided coordination dé3ed
algorithms then provide a performance upper bound for thstieg
one-sided coordination MAC ZF, BC DP, MAC MMSE-DFE or BC
MMSE-DPC algorithms under self crosstalk and external eoihe
simulation results also showed that adding per-modem fuotaler
constraints and spectral mask constraints did not signifigaeduce B. Per-modem total power constraints and spectral mask constraints
the hit-rate compared to the case where only a total powestcint

is imposed owing to the SVD-based transmission. The optpoader

allocation algorithms under spectral mask constraints al®vides The following algorithm provides the optimal power alldcat for
better performance compared to a simpler power allocationqulure the two-sided coordination vector channels under selfstadls and
where the spectral mask constraints are first removed froen thxternal noise using an SVD-based algorithm. The lates tddind in
optimization problem, and then imposed onto the computeB'®¥®S an iterative way the optimal Lagrange multipliers to meatipedem
An extension of this work could be aimed at canceling externtotal power constraints and spectral mask constraints.

step = step — 1/2°
end if
A= Axstep
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Algorithm 2 Per-modem total power constraints and spectral magigorithm 3 Per-modem total power constraints

constraints

init step; =2 Vj

init b; = 0 Vj

- . + o

init ®; = (A +A;) v, [ln‘ &~ D;Q] VHEA+A) P vi

Ne¢
while | > [®5];; — P;°t| < tolerance 3j
For i=1 to N,
init \; =1 V5
init sfepj =2Vj
init b; = 0 Vj
while b; < iterations
for j=1to N
+ i -
A+A) 7PV [y - D72 VA + A) TP i
it [®;]; > ¢Znask Vi
‘bi}jj — d);nask Vi

end if
if [Qi]j];_ d)zmsk <0Vi
IZJ‘ = bj + 1~
Aj = Aj/step; )
st~epj = st~epj —1/2%
end if
S\j = S\j * stepJ
end for
end while
end for
for j=1to N
Ne¢
if > [®i]; — Pt <0
= bj = bj +1
Aj = \j/step;
step; = step; — 1/2bﬂ'
end if
Aj = Aj * step;
end for N
@ = (A+A)TVi [y -] vE A+ AT
Vi
end while

C. Per-modem total power constraints

The following algorithm provides the optimal power alldicat for
the two-sided coordination vector channels under selfstatis and
external noise using an SVD-based algorithm. The lates tadind in
an iterative way the optimal Lagrange multipliers to meatipedem
total power constraints.

init \;, =1V
init step; =2 Vj
init b; = 0 Vj
+
init ®; = A2V, [h - D] VEAT i

Ne¢
while | 3 [®:];; — P;°*| > tolerance 3j
i=1
forj=1to N
Ne¢
it > [®i];; — P <0
=1
bj=0b;+1
Aj = Aj/step;
step; = step; — 1/2%

end if
Aj = Aj * step;
end for N
o, = A2V, [ﬁ - D;2] VA2 y;

end while

REFERENCES

[1] G. Taubock and W. Henkel, “MIMO systems in the subscrilies
network,” in Proc. of the 5th Int. OFDM Wbrkshop, 2000, pp. 18.1-
18.3.

[2] G. Ginis and C. Cioffi, “Vectored transmission for didigubscriber line
systems,1EEE J. Sdlect. Areas Commun., vol. 20, pp. 1085-1104, June
2002.

[38] R. Cendrillon, G. Ginis, E. V. den Bogaert, and M. MoonéA, near-
optimal linear crosstalk canceler for VDSL[IEEE Transactions on
Sgnal Processing, vol. 54, no. 8, pp. 3136-3146, Aug. 2006.

[4] ——, “A near-optimal linear crosstalk precoder for doviream vdsl,”

|IEEE Transactions on Communications, vol. 55, no. 5, pp. 860-863,

May 2007.

R. Cendrillon, W. Yu, M. Moonen, J. Verlinden, and T. Bosh,

“Optimal multi-user spectrum balancing for digital subiber lines,”

|EEE Transaction on Communications, vol. 54, no. 5, pp. 922-933, May

2006.

P. Tsiaflakis, J. Vangorp, J. Verlinden, and M. Moonen |t complex-

ity optimal spectrum balancing algorithm for digital subker lines,”

ELSEVIER Sgnal Processing, vol. 87, no. 7, pp. 1735-1753, July 2007.

[7] A. H. Kamkar-Parsi, M. Bouchard, G. Bessens, and T. H.pYe&
wideband crosstalk canceller for xDSL using common-moderina-
tion,” IEEE Transaction on Communications, vol. 53, no. 2, pp. 238-242,
Feb. 2005.

[8] G. Ginis and P. Chia-Ning, “Alien crosstalk cancellatidor multipair
digital subscriber line systemsEURASP Journal on Applied Sgnal
Processing, vol. 2006, pp. Article ID 16 828, 12 pages, 2006.

[9] R. S. Blum, “MIMO capacity with interferenceEEE J. Select. Areas

Commun., vol. 21, no. 5, pp. 793-801, June 2003.

S. Boyd and L. Vandenberghe, “Convex optimization,” Gambridge

University Press, 2003.

W. Yu, R. Lui, and R. Cendrillon, “Dual optimization nfetds for mul-

tiuser OFDM systems,” ilEEE Global Telecommunications Conference

(Globecom), Dallas, November 2004.

[12] G. G. Raleigh and J. M. Cioffi, “Spatio-temporal codingr fwireless
communication,”|EEE Trans. on Communications, vol. 46, no. 3, pp.
357-366, Mar. 1998.

[13] G.992.5, “Asymmetrical digital subscriber line (ADBlransceiversex-
tended bandwidth ADSL2 (ADSL2+)TU-T Recommendation, May
2003.

[14] G.993.2, “Very high speed digital subscriber line seaivers 2
(VDSL2),” ITU-T Recommendation, Feb. 2006.

[15] E. Karipidis, N. Sidiropoulos, A. Leshem, L. Youming, Rarafi, , and
M. Ouzzif, “Crosstalk models for short VDSL2 lines from maesd
30 MHz data,"EURASP Journal on Applied Signal Processing, special
issue on DY, no. Article ID 85859, 2006.

5

—_

6

—

[10]

[11]



