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ABSTRACT

In modern DSL systems, crosstalk is a major source of perfor
mance degradation. Crosstalk cancellation techniqueshzeen
proposed to mitigate the effect of crosstalk. However, tmeexity

of these crosstalk cancellation techniques grows with thae of
the number of lines. Therefore one has to be selective inetiémy
crosstalk to reduce complexity. Secondly, crosstalk diaiimn re-
quires signal-level coordination between transmittersereivers,
which is not always available. Because of accessibilityst@mnts,
crosstalk between some lines cannot be cancelled and s s t
mitigated through spectrum management. This paper present
solution for the joint spectrum management and constrajved
tial crosstalk cancellation problem. The complexity of gaetial
crosstalk cancellation part of the problem is reduced baseda
line selection and user independence observation. Howevidly
benefit from these observations, power loading has to beiexppl
for spectrum management. We therefore consider ON/OFF pow!
loading, which has only a minor performance degradation €om
pared to normal power loading. The algorithm will be comphre
to currently available algorithms for independent spentrman-
agement and partial crosstalk cancellation.

1. INTRODUCTION

Current xDSL access networks are evolving into mixturesaoi-v
ous DSL flavours. Traditional ADSL lines provisioning cusiers
over longer distances are starting to share binders withMid®s
deployed from remote terminals. These network topologigers
from electromagnetic coupling resulting in crosstalk kedw lines.
Because current xXDSL systems under development use higher f
quencies to meet the demand for high data rates, crossthk-is
coming particularly harmful. Moreover, significant linegth vari-
ations and mixed deployments from central offices (CO’s) i@ad
mote terminals (RT’s) create a near-far effect in the upstrend
downstream direction respectively. This causes crosstasiome-
times overpower the direct signals. As a result, crosshaing 10-
15 dB larger than the background noise, is a major limitirda
in the performance of xDSL systems.

One strategy for dealing with this crosstalk is crosstalk-ca
cellation. Several crosstalk cancellation technique teen pro-
posed to remove crosstalk [1] [2] [3]. In [4] [5] it is shownatha
simple linear zero-forcing canceller or linear precompenis per-
forms near optimally in an xDSL environment.

Even for these simple linear cancellers, the complexityvgro
with the square of the number of lines. For example, in a binde
of 8 VDSL lines transmitting on 4096 tones at a block rate d¥@t0
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blocks per second, the runtime complexity of crosstalk ebac
tion exceeds 1 billion multiplications per second. Becausst of
the crosstalk originates from a limited number of lines onna |
ited number of tones, a fraction of this complexity sufficresan-
cel most of the crosstalk. This is called partial crosstalkoella-
tion [6] [7].

Crosstalk cancellation requires signal-level coordomatt ei-
ther the transmitter or receiver, i.e. the signals trarsehion in-
terfering lines should be known to the canceller. Oftenimeot
all interfering lines can be cancelled because their siggagd not
accessible. This is the case in a mixed CO-RT deploymentavher
CO and RT reside in different geographical locations. Hexe p
tial crosstalk cancellation at the CO side has to be donepimle
dent of the partial crosstalk cancellation at the RT sidecoSdly,
accessibility constraints restrict the number of lines t@n have
signal-level coordination, even if they are at the sametionaFor

eexample, crosstalk cancellation may not be possible betwees

connected to different line cards.

In such situations, spectrum management can be used to miti-
gate the crosstalk originating from lines that are not agibés This
is a second strategy for dealing with crosstalk. Insteaéno€elling
the crosstalk after it has occurred, transmit spectra asearhsuch
that the effect of crosstalk is minimized.

Currently available algorithms independently solve thecsp
trum management and partial cancellation problem. A spec-
trum management algorithm first chooses spectra that trydim a
crosstalk. As an example, Optimal Spectrum Balancing (J8B)

[9] can be used to calculate optimal spectra that minimieesffect

of crosstalk. Given these spectra, a partial crosstalketktion
scheme is used to cancel the remaining crosstalk. This apipro
can be suboptimal. The spectrum management algorithm dies n
take into account that a certain amount of crosstalk can iheetiad
afterwards and hence the spectra will be overly conseriativ

A better solution can be obtained if the spectrum management
and partial crosstalk cancellation problems are solveatljpoi In
[10], partial crosstalk cancellation based on resouragcation [6]
is combined with Iterative Waterfilling (IW) spectrum maeagent
[11] in an iterative fashion. However, IW tends to be highljos
optimal in near-far scenarios. In this paper, the OSB algoriis
extended to include constrained partial crosstalk camibeti.

2. JOINT SPECTRUM MANAGEMENT AND
CONSTRAINED PARTIAL CROSSTALK CANCELLATION

2.1 System Model

Most current DSL systems use Discrete Multi-Tone (DMT) mod-
ulation. The available frequency band is divided in a nuntfer
parallel subchannels or tones. Each tone is capable ofnitimgy
data independently from other tones, and so the transmi¢pand
the number of bits can be assigned individually for each.tdiés
gives a large flexibility in optimally shaping the transnyiestrum
to minimize the effect of crosstalk.

Transmission for a binder & users can be modelled on each
tonek by

vk = Hyxy + 2z k=1...K.

The vectorxy = [xt, X2, ..., X' T contains the transmitted signals on



tonek for all N users [HyJnm = hiy'™ is anN x N matrix containing
the channel transfer functions from transmitieto receivem. The
diagonal elements are the direct channels, the off-didgdements
are the crosstalk channels is the vector of additive noise on tone

constraints:

maxsc SN ; R"

k, containing thermal noise, alien crosstalk, RFl,... Theteeyy st. Ph < pnitot n=1...N
contains the received symbols. 0<s< n,mask n=1.Nk=1.. K
To take crosstalk cancellation into account, an equivalbah- q_ K i n,m q.tot 0
P v ’ q < Cl=3%1_1>meia dneia g < C g=1...Q
nel H is introduced. This is the same channel as the original chan- RN > Rhtarget n=1...N
nel H, but with off-diagonal elements set to 0 where the crosstalk )
is cancelled. If usen is cancelling crosstalk originating from user ) Cam oam_ [0 = AM=pm
with  [c]nm = ¢, o= ok k

mon tonek, thenh"™ = 0. We refer to [6] [7] where procedures
are explained for cancelling individual crosstalk chasnkased on
particular DSL channel characteristics (row/column-wdsggonal
dominance).

We denote the transmit power gs= AtE{|x]|?}, the noise
power asofl £ AtE{|Z}|?}. The vector containing the transmit

power of usem on all tones iss" £ [§],s)....,s]T. The DMT
symbol rate is denoted dg, the tone spacing as;.

wheres = [s1,s2,...,sN] andc = [cg, ¢, ..., ck]. ck is a matrix
containing the crosstalk cancellation configuration fonetck.
cE’m = 1l indicates that a cancellation tap is assigned on kofoe
cancelling crosstalk on line originating from linem. Because of
accessibility constraintsy andm are restricted to the subset of line
indicesi9 which have full signal-level control. For linasm that

have no signal-level controd:k"m =0,Vk.

It is assumed that each modem treats interference from other

modems as noise. When the number of interfering modemsgs,lar
the interference is well approximated by a Gaussian digioh.
Under this assumption the achievable bit loading of usen tone
k, given the transmit spectra of all modems in the system, is
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wherel" denotes the SNR-gap to capacity, which is function of the

desired BER, the coding gain and noise margin. The bitloatbve
for usern is thenb" = [b,bj,...,bR] andb = [bl,b?,...,bN].
The data rate and total power for uses

R'= fszbﬂ and P"= zq}

2.2 Problem Statement

The joint spectrum management and constrained partiabteiés
cancellation problem amounts to finding an optimal allaraibf

transmit power and selection of the crosstalk to cancekethe
maximizing the capacity of the network. In doing so, there ar
number of constraints.

First of all, there is dotal power constraint Pt for each user.
This constraint ensures the user’s total power does noteexie
maximum allowed total transmit power. On top of this corigtra
there can be spectral mask constrainE'@aSkfor each tone to guar-
antee electromagnetic compatibility with other systems.

Secondly, because of the runtime complexity of full crdgsta
cancellation, there is a limited amount of resources fosstaik
cancellation. The cancellation of the crosstalk from oresstalker

on a tone is done by one cancellation tap [6] [7]. The number O{P

cancellation taps that can be used is constrained bgeheellation
tap constraint &' [12]. Furthermore, in a bundle of lines, not all
crosstalk can be cancelled. This is the case when receiveis a
different geographical locations or when lines are tertimgaon
different line cards. These scenarios can be modelled byipteul
cancellation tap constrain@+°, each constraint for a subsgbf
lines with full signal-level access.

Finally, there is arate constraint R'a%t for each user.
Typically, service providers offer a number of profiles tagantee
a certain Quality of Service. The rate constraint then iaigis a
minimum data rate required by the user.

2.3 Dual Decomposition

Optimization problem (2) is a non-convex problem. To find the
global optimum one has to exhaustively search through akipte
transmit spectra and cancellation tap configuratioes Because
some constraints are coupled over the tones, this resuéts &x-
ponential complexity in the number of tones. By using a dual d
composition the complexity can be made linear [8] [9] [12hisTis
done by using Lagrange multipliers to move the constraiotpled
over tones into the objective function of the optimizationlgem:

SOPt cOPt — argmaz_\)é_’c SN R+ 3N Ay (PRt —nznl?:lqz)
+2q-1Va (Cq,tot - ZE:l 2 neit ¥ meia G )

(3
subjectto  0< g gsk”’maSk n=1...N
/\n207m'120 n:].N
Vg=>0 qg=1...Q

wherean, An andvg are Lagrange multipliers. For a given set of
w=[w,...,an]T, A =[A1,...,AN]T andv = [vy,...,vo]", the
optimization problem can then be solved in a per-tone fashio

fork=1...K, sp™,cp” =argmax, o, YN ; wn fsb]

4
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subjectto  0< g gqﬂ“magk n=1...N
A>0wn>0 n=1...N
Vg=>0 qg=1...Q

Maximization of (4) for given Lagrange multipliers can bepe
formed by an exhaustive search. For each tone, the objduatie
tion should be evaluated for all possible combinations efttans-
it power levels and cancellation tap configurations of thers.
he combination giving the largest value for this exprasssothe
optimal allocation of transmit power and cancellation tégsthis
tone. Instead of power loading, one could also perform kitlio
ing by choosing all possible bit allocations. This would be t
case when (2) would be reformulated as an optimization probl
in {b,c} instead of{s,c}.

After the optimization, the constraints can be checked. By
choosing appropriate values for the Lagrange multipligrs,con-
straints can be enforced andv can be seen as a cost for power
and crosstalk cancellation taps respectively. Largeregafar these
Lagrange multipliers result in less power and allocateaebation
taps. The data rates of the users are weightedthereby giving
a level of importance to the users. In this way, all possitzide offs

Joint spectrum management and constrained partial ciosstacan be made to enforce the data rate constraints. For givén
cancellation then results in solving the following maxiation  andv, the constraints can be checked by performing an exhaustive
problem, adopted from [12] and extended to include acciiggib search for all tones.



To solve (2) by (4)w,A andv should be tuned to enforce the
constraints. In [8], an efficient Lagrange multiplier séaproce-
dure forw and A is presented. This procedure can be easily ex
tended to includev, resulting in the following update formula for
the Lagrange multipliers:

Aw R -— Rtarget
AN | =—p| PP =
Av ctt_c

®)

w 1t w1t R — Rtarget +
A = A | —ul| PO_P
v v CtOt _ C

where (x)* meansmax0,x) and whereR = [R!,...,RN]T, P =
[PL,...,PN]T andC =[C1,...,CQT are vectors with the total pow-
ers, data rates and number of cancellation taps corresmptaihe
Lagrange multipliers at hand. This update formula is usealdo-
rithm 1 adopted from [8].

Algorithm 1 Lagrange multiplier search algorithm

while distance> tolerancedo
O = [w,A,V]T =best[w,A,v]T so far
u=1
while distance< previousDistancelo
previousDistance = distance
H=pux2
0O = [Aw,AX ,AV]T = update formula (5)
[RO+20 pO+20 CO+40 g (] = exhaustiveSearcB(+ AG)
distance= || [RO+A9 _ Rtarget7 ptot _ 1:)9+A(£o7 Ctot _ CG+A9]T I
end while
end while

Note that all the Lagrange multipliers are updated in pakall
In [8] it is shown that adding extra Lagrange multipliers sloe
not increase the number of steps required for convergente T
search procedure typically converges in 50 to 150 steps€efdre,
the cancellation tap constraint only adds to the complexsdtthe
per-tone exhaustive search.

2.4 Complexity

The joint spectrum management and constrained partiabtziés
cancellation problem (2) is a non-convex constrained dpéition
problem. Without the dual decomposition, finding the glomaii-
mum requires an exhaustive search over all possible sohitieirst,
assume there are no accessibility constraints, so alltatkgzn be
cancelled. On a certain tone, a user has to decide whichtalos$

N — 1 other users has to be cancelled. There 8re'Dossibilities
to do this. Together withB possibilities for bit or power loading,
this results in a total oB2N—1 possibilities for each user on each

tone and hence a total complexity 61 (B2V~1)KN),

The dual decomposition decouples the problem over the,toneﬁ1e

therefore reducing the exponential complexity in the numtfe
tonesK to linear complexity:0(K(B2N-1)N). This amounts td
exhaustive searches of complexii{(B2N-1)N). This is an enor-
mous reduction in complexity. However, this solution i$l stbm-
putationally intractable because of the remaining comipjex the
per-tone exhaustive search, whicH2'~1)N times more complex
than solving the spectrum management problem without tiss
cancellation. In a 4-user upstream VDSL scenario for exampl
it takes 20 days to calculate optimal spectra with OSB on a Pe
tium IV. Adding partial crosstalk cancellation to the pretsl would
then take about 225 years.

The dual decomposition approach is only feasible if the per

tone exhaustive search can be performed with manageabjgeom
ity, which was also concluded in [12]. In the next sectionfimes
are introduced to make this possible.

3. COMPLEXITY REDUCTION

The complexity of the per-tone exhaustive search for tha gpec-
trum management and constrained partial crosstalk catiogll
problem is¢(K(B2Y-1)N) in the case where all crosstalk can be
cancelled (section 2.4). This can be rewrittercg&BN (2N-1)N),
clearly showing the per-tone complexity due to spectrumagan
ment, ¢(BN), and partial crosstalk cancellatiof,((2N-1)N). In
this section we focus on reducing the complexity origirgtirom
these two individual subproblems.

3.1 Partial Crosstalk Cancellation

This subsection again starts with the assumption that #reneo ac-
cessibility constraints, i.e. that all crosstalk can bece#lad. Later,
observations will be extended to the case when there arepfeult
line cards which cannot access each others lines for ctossta-
cellation.

To determine the optimal allocation of crosstalk canciltat
taps for a given bit or power loading on a certain tone, all of

the (2N-1)N ~ 2N possible allocations have to be evaluated.
Even for a limited number of users this is already too large.
Fortunately, many of these possibilities can be eliminatesed on
two observations: line selection and user independence.

e Line SelectionFrom (1) it can be seen that to maximize the ca-
pacity, one should allocate crosstalk cancellation tagstzel
the users that are causing the largest crosstalk. Therefare
crosstalk cancellation taps are available, they shouldskd to
cancel the largest sources of crosstalk.

As a consequence, instead &f 2 possibilities, there are now
only N possibilities: cancel no crosstalker, cancel the stranges
crosstalker, cancel the 2 strongest crosstalkerscancel the

N — 1 strongest crosstalkers.

User IndependenceErom (1) it can be seen that if useral-
locates a crosstalk cancellation tap to cancel crosstalkezh
by userm (e.g. '™ = 0) this only has an influence on the ca-
pacity of usem. Therefore, when power loading is applied, the
users are decoupled so they can choose a crosstalk caiocellat
configuration independently.

As a consequence, the exponential complexity ia reduced to
linear complexity. Instead of one big search over all ugbese
areN independent searches for the users. This observation, to-
gether with line selection, results in the following comyite
reduction:

(2N-HN NN NN  (6)

It is noted that in the case of optimal bit loading, user inde-
pendence does not hold. Adding a crosstalk cancellation tap
changes the power needed to transmit a certain number of bits
thus also the crosstalk to other users changes. This mast affe
the configuration of crosstalk cancellation taps for thethero
users.

line selection user independence
— —

These observations can be easily extended to the case where
re are multiple line cards. In this case, there are aduktys
constraints, reducing the number of crosstalkers that eacab-
celled. Assume there afgline cards. Line card has access thlg

lines, with ZqQ:1 Mg = N. The complexity reduction by line selec-
tion and user independence is then summarizedtte 1

In a 8-user case, the observations reduce the number of
crosstalk cancellation configurations frorf®zo 2. If there are
2 line cards, each having 4 lines, the number of crosstalkettm

ffion configurations is reduced fron§*to 2°.

Note that despite drastic complexity reductions, the smiut still
optimal.

3.2 Spectrum Management: ON/OFF Power Loading

In this subsection, the complexity of the spectrum managée et
of the problem is reduced. Despite the complexity reducticot
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Table 1: Complexity reduction partial crosstalk cancélat -
1 line card Qline cards il
full complexity o((2NHN) ﬁ(l—lqozl(zmq—l)mq> £2sr
line selection o(N)N) O(N2.1(Mg)¥a) £ o
user independence O(N2N-1 O(33 Mg2Ma-2) Ep
. . . Q g —a&— independent, 6% cancellation m
line selection & user independence ¢ (NN) O(¥g-1MqMq) § 1l independent, 15% cancellation ;
s —O- independent, 30% cancellation vt
—6— joint, 6% cancellation !
OS{1 o Jon. 2096 cancellson |
7 |c:n|, 25:/ocance||auon “:‘
vided by dual decomposition, OSB s still too complex for-sce == . L e ]
narios with more than 3 users. The reason is the per-tonausxha Mean datarate 600m lines (Mbps]
tive search which still has exponential complexity in thenter of
users:¢(BV). In [13] [14] an iterative procedure is used to make Figure 2: Rate regions 4-user VDSL scenario

this complexity linear. However, optimality cannot be cargteed.

In this paper, the complexity is combated by reducBighe
number of possible transmit levels (for power loading) drabio-
cations (for bit loading). Originally, for OSB, typical was forB first independently solves the spectrum management protitean
are 60 in the case of power loading and 14 in the case of bilrigad transmit spectra are chosen to avoid crosstalk. This care®e s
Therefore, bit loading would be the most efficient methodd&B.  in figure 3(a)(c), where the PSD is shown along with the alloca-
However, as shown in the previous subsection, power loaing tion of cancellation taps for each user and the originatiser wf
necessary to fully benefit from the line selection and usdepen- the crosstalk that is cancelled. For this strong crosstedinario
dence observations when also deciding on the partial @&sstn-  the transmit spectra result in long and short lines occupdiffer-
cellation configuration. By limiting the transmit spectoa@N/OFF  ent frequency bands. When the partial crosstalk canaatlgiob-
power loading,B = 2, the complexity is reduced frorﬁ(BN) to lem is solved, there is not much crosstalk left to cancel.réfoee,

¢(2N). This ON/OFF power loading problem equals (4) with the ONly @ limited crosstalk cancellation tap budget can be wsfet-

spectral mask constraints replaced b tively. Figure 2 shows that no performance is gained by exsirey
P P y the crosstalk cancellation tap budget beyond 15% of fultetia-
NONy .ON n,mask tion.
s €{0,57 } with M2 < g T @) When the spectrum management problem and the partial

. . L . . crosstalk cancellation problem are solved jointly, traisspec-
This ON/OFF power loading results in simple transmit SEEEM- 15 are chosen such that only crosstalk that cannot be deddel
ilar to what is used in currento,?\\lDSL systems. _ avoided. This can be seen figure 3(b)(d), where all crosstalk

_To define the ON-leve$™®™ for each user, the algorithm de- cancellation taps can now be used effectively. Dependinthen
scribedin [15] can be used. Itis shown there that the extatcaint crosstalk cancellation tap budget' transmit Spectra C&n|31y on

of ON/OFF spectra only results in a small performance dediaad  frequencies with the highest capacity, resulting in sigaifi per-
of 10-15% compared to the full OSB algorithm. formance gains.

When combining the line selection and user independence ob-
servations with ON/OFF power loading, the optimization2f¢an s ecoomie B
be done in a matter of minutes instead of the original 225syear B s g uf
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In this section the performance is analyzed when solvingdim i3
spectrum management and constrained partial crosstatieltan aet

tion problem as opposed to independently solving these teb-p i . . . S
lems. An upstream VDSL scenario is considered as showig-in i A M SP
urel, with fu||signa|_|eve| coordination. A line diameter o mm T e e e wm e mo o ww T o T 0 o w0
(24 AWG) is used and the maximum transmit power is 11.5 dBm. (@) (b)
The SNR gag is set to 12.9 dB, corresponding to a target symbol s osmines ) i osonines
error probability of 107, coding gain of 3 dB and a noise margin of & =f== sisimsssapesssmissn i L e s W SO MO O
6 dB. The tone spacing &; = 4.3125 kHz and the DMT symbol i T B I
rate fs = 4 kHz. o e
le— 600m —> % i
L (c) (d)
Figure 1: 4-user VDSL scenario Figure 3: Spectra and cancellation configurations: (a)peddent

solution, 6% of full cancellation; (b) joint solution, 6% fll can-
cellation; (c) independent solution, 30% of full cancetiat (d)
In figure 2 rate regions are shown to compare the perfor-joint solution, 30% of full cancellation;
mance of the joint solution and the independent solutioiobd
by independently solving the spectrum management probhath (
ON/OFF loading) and the partial cancellation problem. Taie r When there are restrictions on the signal-level coordimata
regions show significant performance gains of the jointtsmhu  choice has to be made as to which lines will be connected to the
over the independent solution. Because the independemticsol same line card. In this case, there are two possibilitiesnect the
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Figure 4: 4-user VDSL scenarios with limited signal-levebadi-
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Figure 5: Rate regions 4-user VDSL scenario with limitechaig
level coordination: equal line lengths together

lines with the same length to the same line cdiglife 4(a)) or con-
nect lines with different length to the same line cdidyre 4(b)).

Connecting lines with the same length to the same line card re

sults in the rate regions digure 5. Only limited performance is
gained by increasing the crosstalk cancellation tap budbeis is

caused by the fact that the long lines do not have access shte
lines. Therefore, this major source of crosstalk cannotneelled.

As a result, the spectrum management has to be used to ai®id the)

crosstalk and both groups of lines occupy different fregqydrands.
Therefore the joint and independent solutions are simitar @nly
a limited number of crosstalk cancellation taps can be uffed-e
tively.

When lines of different length are connected to the same line

card, the rate regions digure 6 are obtained. Again, there is no
significant difference between the joint and independehttisns.
Because the long lines cannot accelisshort lines, there will be
severe crosstalk that cannot be cancelled if these linesddwme

the same frequency band. As a consequence, long and shest lin

use different frequency bands. Moreover, because linegjuéle
length are on different line cards, no crosstalk canceltetiaps can
be assigned.

Rate regions restricted signal-level coordination
35 T T T T

15-

Mean datarate 1200m lines [Mbps]

051

—e— independent, 30% cancellation
S— joint, 30% cancellation \

o ; ;

0 5 10 15

Mean datarate 600m lines [Mbps]

Figure 6: Rate regions 4-user VDSL scenario with limitechaig
level coordination: mixed line lengths

5. CONCLUSION

In this paper, a solution was presented to jointly solve freesum
management and constrained partial crosstalk cancellptimblem
based on a dual decomposition approach. The complexityeof th
partial crosstalk cancellation part of the solution wasuped! to a
minimum based on a line selection and a user independence ob-
servation. However, to fully benefit from these observajqrower
loading has to be applied for spectrum management. We haxe-th
fore considered ON/OFF power loading, which only has a minor
performance degradation compared to the original powelinga

It was shown that when the spectrum management problem
and partial crosstalk cancellation problem are solvedpeddently,
only a limited number of crosstalk cancellation taps can sedu
effectively because crosstalk is avoided in the first plagghe
spectrum management. When jointly solving the problem$y on
crosstalk that cannot be cancelled is avoided, therebyfisigntly
increasing performance.
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