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Joint Partial Crosstalk Cancellation and Modified
Iterative Water-Filling for Upstream VDSL
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complexity reduction can be achieved via PCC by removing
Abstract— Far-end crosstalk (FEXT) is the major limitation to only the strongest cross-talkers in space and frequency

achieve high data-rates in VDSL systems. Full crosstalk cancellation ~domains. .
(FCC) techniques have been proposed to mitigate the effect of In [3], some PCC schemes based on resource allocation are

crosstalk. However, these are too complex. Considering the fact that ~ presented. These schemes consider fixed online complexity
there are only a few strongest crosstalkers, the crosstalk budget per user and try to find a set of dominant cross-talkers
cancellation can be simplified to line selection (LS), tone selection  pased on line and tone selection while considering flat
(TS and joint linetone selection (LTS partial crosstalk  transmit PSDs. However, these are sub-optimal and have
cancellation (PCC). These all result in much less online complexity.  oonsiderable online complexity. Recently, some algorithms
In this paper first, we propose a new modified JLTS algorithm with have been proposed that solve independently the multi-user

significantly lower initialization complexity than the optimal JLTS . .
(OILTS algorithm and approximately with similar performance. power control and PCC problems [3, 4, 5]. First a multi-user

Then a novel joint algorithm is presented that combines the multi- ~ POWer control technique chooses PSDs to minimize the
user power control technique with the PCC scheme to achieve near ~ Crosstalk, and then a PCC scheme is used to cancel the

the capacity rates. We also consider dynamic online complexity ~ remaining crosstalk. This approach is not efficient since the
constraint for each user. This joint algorithm leads to much larger  independent solution first runs the power control algorithm
online complexity reduction and higher data-rates at the expense of  such that the crosstalk is minimized. Due to this process,
slightly higher initialization complexity. The performance of the  especially in strong crosstalk scenarios, the PSDs result in
proposed algorithm is verified by some simulation results and 154 and short lines to occupy different frequency bands and
co.mpare.d‘thh cqrrent algorithms that use flat PSDs and other hence no much crosstalk left to be cancelled by the PCC
edsting joint algorithms. algorithm. Therefore, only a limited online complexity budget
can be used effectively. A better solution with lower online
complexity can be obtained if the multi-user power control
and PCC problems are solved jointly [4]. In [4], the joint
problem is formulated as a constrained optimization problem.
. INTRODUCTION The Lagran_ge dual _de_cor_nposition me_thod is us_ed to decouple
the constrained optimization problem into a series of per-tone

HE VDSL offers multi-ten-Mbps services by using adinconstrained optimization prqblems. However, this problem
Thigh as 12 MHz in the ordinary telephone twisted pairs [Buffers from per-tone exhaustive search method due to non-
2]. The twisted pairs are distributed within large binders whicfPnVexity of its per-tone optimization problem. Thus, each
typically contain 20-100 individual twisted pairs. As a resul€r-tone problem still has an exponential complexity in terms
of the close distance between lines and high frequencies u8édne number of users [4]. [8], the proposed PCC schemes
in VDSL systems, there is significant FEXT among near-b [3] are C(.)mblned. with c_onveptmnal !terat|ve water-filling
twisted pairs [1]. IWF) algonth.m [1] in an .|terat.|ve fashion. However, IWF

Multi-user power control techniques and FCC schemes dfhds to be highly suboptimal in near—far or strong crosstalk
the two general strategies to deal with FEXT destructi@€narios. _ .
effects [2, 3]. While the former tries to vary the transmit N this paper, first a new modified PCC scheme based on
power spectral densities (PSDs) of the users in order to redfiggource allocation [4] is presented that has a performance
generation of crosstalk, the latter attempts to perfectly remoQilit® close to optimal performance and much lower
crosstalk after it has occurred. However, FCC schemes requiitialization complexity. Then a novel low complexity joint
huge online complexity. algorithm is 'presen.ted that combines the multll-user power

Fortunately, the main part of crosstalk seen by each u&@ntrol technique with the PCC scheme to achieve near the
comes from a few numbers of its neighboring lines in a bind&RPacity rates. We use modified IWF algorithm (MIWF) [6] as

and in a small subset of tones [3]. Thus a large onlifaulti-user power control technique that is suitable and
efficient in strong crosstalk scenarios. MIWF can achieve
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local optimal solutions where it is appeared tofdidy close

to the global optimum in practical xDSL scenaridd)]. [
Moreover, we consider dynamic online complexity geidper
user in contrast to the fixed online complexity etdper user
which was used in [3, 5]. This allows us to tradiebetween
the bit-rates of different users in a binder. Theppsed joint
algorithm leads to larger online complexity redaotiand
higher data-rate at the expense of slightly highitialization

complexity compared to the results in [3, 5]. Thegosed
iterative algorithm converges after a few iteratsbeps.

. SYSTEM MODEL

pre and post filtering [1]. When this level of cdovation is
not available, successive interference cancellatonpre-
compensation can be used if there is only cooridinat the
receivers or transmitters, respectively [1].
V. PCC TECHNIQUES

While the benefits of FCC are large, the online plaxity
is extremely high and grows with the square ofrtbeber of
users [3]. Therefore, the PCC schemes have begoged to
provide a practical balance between bit-rate amdpdexity by

cancelling dominant cross-talkers in each frequetooe [4,
6].

Consider a VDSL network wittN users in a binder each First, the crosstalk to each loop is usually dotgddrom a
with K tones. The upstream transmission of a single DMIimited number of lines, e.g. those in close prakmor

symbol in this network can be modelled as

Y =H X, +Z,, @

shorter loops. This is known as the space-selégtiof
crosstalk. Second, crosstalk coupling depends lyeani the
frequency. This is known as the tone-selectivitycaisstalk.

where X,/ andy,’ are the transmitted and received signalSince most of the crosstalk originates from a kahinumber

by usern on tonek, respectively.zf is the additive white

Gaussian noise experienced by usesn tonek. H, is the

of lines on a limited number of tones, a fractioh the
complexity of the FCC suffices to cancel most aisstalk.
This is called the PCC algorithm [3]. In [3] thrdeCC

schemes have been presented based on resourcatiatipc
namely LS, TS, and JLTS. Note that the proposed PCC

channel from customer premises (CP) transmitterinto schemes in [3] consider onlypoK multiplications/DMT-
central office (CO) receiven. The vectorX, is the set of symbol/user in contrast to théK multiplications required for
QAM symbols transmitted by all of the CP modemse ThFCC. Therefore, PCC schemes consider fixed online

vector represents the set of received signals on alhef tcomplexity budget for each user. Moreover, theyias flat
Yi rep 9 transmit PSDs during dominant cross-talkers selacti

CO modems. The vectd, shows the vector of additive noiseprocess.

N x N channel transfer matrix wherg"" é[Hk]n _is the

on tone k. The transmit PSD on tond is S, with A. Line Selection scheme (LS)

For usern, LS assumed crosstalk powers are sorted in
descending order. Based on fixed online complexitgiget of

PK , the LS simply cancels the firsp strongest cross-

assume a spectral mask constre@fif™ for each tone. The talkers in each tone for each line [3].

achievable bit-loading of useron tonek is [2]

S é[Sk]nvn. The received noise power ig, . We denote

the tone spacing afl; and DMT symbol-rate asfs. We

B. Tone Selection scheme (TS

n

b £ log (1+1 S Here by (0) is defined as the bit-rate achieved by usen
2 r (0‘” + ZN: h?’m‘z m) ' (2) tone k when the p strongest cross-talkers are cancelled.
s ML L Define the gain of FCC© = N) as g, , = (N)-h(0)

where ' denotes the SNR-gap to capacity [1]. The datand sort the tone indices in descending order by dain.
rate on linen is Therefore, for each user th@K /N important tones are

K . .
R" = fszb‘? bits/sec n= 1..N selected when assuming all of their cross-talkezscancelled
=t and no cancellation on all other tones [3].

Each modem is typically subject to a total power

C. OJLTSscheme

Define the value of
Vi(p) = (p)-b'(0)/p ; p=1..N as the average
increase in bit-rate per allocated complexity oregain tone.
'a(en LK multiplications/DMT-symbol/user as the online

constraint?,".

Il. FCC TECHNIQUES

Several FCC techniques have been proposed to remo(\al
crosstalk. When both the transmitters and receivars Complexity constraint for each user, now crosspaivers are
Coordinated' the channel Capacity can be achieyeddans of sorted in each tone. Then a table can be formed evitries
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representing they (p) values. Then the algorithm finds the

maximum entry in the above table. Based on thectsle
value v (p,), the O largest cross-talkers on torlg, are

determined. Then all valueg (p) with p< PO are set to
zero and all values (p) with o> p, are recalculated as
Vi (0) = (B¢ (p) - (0.))/(p— p.). This is repeated until

all available online complexity budgets are alleca3].

D. Smple JLTSscheme (SILTS)
It defines the gain of canceling the cross-talkesn tonek

V. MULTI-USER POWER CONTROL SCHEMES

In a multi-user channel, since the transmit PSkaufh user
influences the crosstalk that it induces on theeioimes, it
must be assigned in an appropriate way to redussstaik
effect. This is known as spectrum management wihiab
static and dynamic types [2]. Dynamic spectrum rgansent
or multi-user power control chooses the transmib®Such
that crosstalk is avoided. Advanced optimizatiochteques
have been developed that take into account the onletw
topology to determine optimal transmit PSDs [2]eTWVF is

in the detection of user, and in the absence of other crossone of the first so-called multi-user power contéjorithms

talkers. The cross-talkers are sorted in each tbmes, a table
with these gains for sorted cross-talkers on eamte tis

created and thggK largest entries are selected.

E. New scheme: Modified JLTS scheme (MILTS)

Here, we propose a new modified method which igequ
close to the OJLTS algorithm. This is similar te t8JLTS
algorithm with the exception of considering theceffof other
remained cross-talkers in computation of the hitéments.
First cross-talkers are sorted in each tone. Thercalculate
the true natural bit-rate increment after remowing i cross-
talkers. Thus a table with entries of these incrgses created
for all sorted cross-talkers on each tone and thenoK

largest entries are selected.

F. Complexity Budget Distribution between Users
In above PCC schemes the online complexity wagdiirtio

fixed oK multiplications/DMT-symbol per user. If the total
multiplications/DMT-symbol, i.e. oK(N +1) for N+1

users, can be distributed between users basedeimtainget
rates, hence the higher bit-rates or larger ragens would be
achieved [3, 4]. The problem of distribution

multiplications/DMT-symbol between users is forniath as
the following optimization problem:

o

max D wR" subject tc

DK, < PK(N +1)

(4)

[1]. In this algorithm each user obtains its mastdrable PSD
by iteratively performing single user WF until iBSD is
stabled [1]. However, IWF converges to a selfishiropm

point and it is suboptimal for CO/remote termiraT§ mixed

deployments [2].

The MIWF algorithm solves the Karush-Kuhn-Tucker
(KKT) system of the sum rate maximization problemmfind
local optimal solutions of the problem efficient]@]. The
KKT system of this optimization problem dualized thwi
respect to the power constraint can be found bingakhe
derivative of its objective function of with respég PSDs [6].

VI. PROPOSED ALGORITHM: JOINT PCC AND

MULTI-USER POWER CONTROL

In all the previous PCC schemes, cross-talkers rbast
sorted in terms of their powers. In receiver thessttalker
I power is computed by transmitter PSD multipliedcbysstalk
channel transfer function. Since the transmittewgrois an
unknown a priori; the PCC considers flat or equahs$mit
PSD for each tone to estimate the crosstalk powdrsalect
fdominant cross-talkers subject to the given ontiamplexity
budget. This is simple but dominant cross-talkexecion
may not be precise when the true real transmitg®<are not
taken into account.

Using multi-user power control technique causesnioance
space- and tone-selectivity. Then PCC can exgi@trherit to
increase the bit-rate compared to the existing PG&t

Where K, is the number of online complexity budgettmploys flat PSD. Now, the problem is how to assige

allocated to usem. We can write downk,, = 1, pK(N +1)
where Zn'un =1. For particular values oft/, and hence

K,, and under fixed transmit PSDs for each user, timgiiant

cross-talkers for each line on each tone can bedfdry using
one of LS, TS or JLTS PCC schemes. Then, if thgetarates

are not achieved, we can update the value/nf using

bisection method or sub gradient method [2, 4]sTgrocess
is repeated until convergence is achieved.
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dynamic PSD to users in order to increase thealbdt-in the
existing PCC subject to a given total complexitglgpet. Since
selection of dominant cross-talkers depends onsiniter
PSD and also the transmitter PSD assignment depends
dominant cross-talkers selection, then we mustesdhis
optimization problem jointly. Here we suggest a ritaxative
PCC that helps to select the true real cross-tslley
exploiting the multi-user power control techniqueni with
PCC algorithm. For example the OJLTS scheme wtiaimie
of the PCC schemes and the MIWF as one of the usé
power control algorithms can be jointly employed nake
crosstalk cancellation as efficient as possible. ¥dasider
variable online complexity budget for each usesidplified
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form of this algorithm is illustrated below. Thegatithm
starts with an initial set of transmit PSDs and pomtional

reduction of the remained crosstalk by use of rudér power
control will also lead to extra increase of SINReach tone.

complexity budget/s, for the users. First, one of the PCC_In addition, MIWF algorithm puts more power in thigh

schemes can be used which selects the strongesttalkers
subject to the current allocated online complexitidget for
each user. Second, MIWF algorithm is run while vatty
discards the selected cross-talkers for each Ud&m, new
PSD for each user is obtained. In the final ph#se,current
date-rates is computed and compared with the taieges. If
the target rates are not achieved, the proportionedber of
online complexity and the weights assigned to therai must
be updated to enforce the constraint. The propcadut
gradient descent form for updating Lagrange mugtiplused
in [4] is exploited. This procedure is repeatediliedch user
achieves its target rate.

Although the analytical convergence of the algonithas
been discussed in the next part, many simulatisnli® on
various practical scenarios have shown that incales the
proposed algorithm converges after 3 or 4 iteratioh is
noted that the existing PCC algorithms exploit spaand
tone-selectivity to reduce complexity and hencerdase the
bit-rate. Our proposed algorithm tends to enhapeees and
tone-selectivity through using power control teciugis in an
efficient manner.

Algorithm: Iterative joint PCC and MIWF algorithm

1. Initialize PSDs § ), W , and /4, .

2. repeat
3. repeat PCC phase (e.g. OJLTS PCC scheme)
forn=1...N
run one of PCC scheme
end for

until k, =" Ky < 44, KN
run MIWF% multi-user power control scheme
% update W , and £/,

(o, (% 5 )

10. 'un = (Iun - S(Zk b: _ Rn‘target)) :
11. until convergence

4
5.
6.
7
8

9. w

n

A. Convergence Analysis

When the PCC algorithm is exploited; the true Sjemt
cross-talkers are selected and discarded. So ithe@ much
crosstalk left to be cancelled. Thus SINR in eamfetgrows
rapidly due to less remained crosstalk. Considainder with

SINR tones and less power in the tones with lowFSINhis
causes a non-uniform PSD assignment to the tonéshvim
turn enhances the space- and tone-selectivity. Nitig
process makes the situation better for the PCCrittigo to
select the strongest cross-talkers more propedps€quently,
PCC cancels the dominant cross-talkers more prppérich
leads to more increase of the system SINR. Thisggimore
opportunity to MIWF algorithm to accomplish the -bit
allocation process better and consequently achieyeer bit-
rates. In conclusion, exploiting joint use of th€® and
MIWF algorithms not only increases the SINR by eacle
individually, they also have mutual effects thalpheach other
to perform more efficiently and consequently mareréase of
the system SINR.

It is clear that convergence of our algorithm mairdlies
on the convergence of the MIWF [6]. In [6] it haseln proved
that under high SINR approximation, the MIWF gldpal
converges to the unique optimum point with only few
iterations. Where, this condition is well providéd our
algorithm under the joint use of PCC and MIWF aigons.
This means that the convergence of MIWF in the psep
algorithm is accelerated by the use of PCC andotherall
convergence is guarantied with fewer iteration step
Moreover, the MIWF solves the KKT system of weighsam
rate maximization problem directly, when it conwesgit
always converges to a KKT point, which is guarahtie be at
least a local optimum solution [6].

VII. NUMERICAL RESULTS

All VDSL lines are considered to be 0.5 mm twisfedrs
with a background noise level of -140 dBm/Hz. Theximum
transmit power is 11.5 dBnil. is set to 12.9 dB [1, 2]. The

tone-spacing/\; is set to 4.3125 kHz and the DMT symbol-

rate f, =4 kHz. The modems use 4096 tones. We have

used initial flat PSD equal to -60 dBm/Hz in alhé&s. Online
complexity budget is shown as a percentage rel&ivCC.

A. A Near-Far Scenario

The upstream transmission in VDSL with 8 users sing
of 4X300 m and #1200 m lines is simulated. The
performance of MJLTS, OJLTS and SJLTS joined with
MIWF and joined with IWF [5] for near and far usease
depicted in figures 1 and 2. The MILTS+MIWF outperis
the pervious JLTS schemes, especially in low corityle

N lines andm cross-talkers. In the worst case let the Cros%’udgets and for near users. It has surprisinglyeased the

talkers have identical crosstalk channd to user n.

Canceling the cross-talkers leads to a SINR inereas

when the MIWF algorithm is exploited; the transiRBDs
are chosen such that the effect of remained cil@stat has
not yet been cancelled is now efficiently redudddnce, this
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bit-rate to more than 200% particularly for far tssand 30%
for near users. Since near users are the strosgeste of
crosstalk; this space-selectivity assists the P{g0rishms to
reduce complexity. Thus all line and tone seledticare
assigned to shorter lines as candidates to be lbeohcBy this
cancellation the overall crosstalk drops down arduers can
take advantage of the provided condition to emphogti-user
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power control to estimate true PSD when they enssuihe
lower crosstalk. As a result, they achieve highierdies. It is
seen that with 50% complexity our algorithm ach®&96% of

the performance gain on near users and achieves &7%

performance gain on far users with 25% complexitith a
target rate 2.5 Mbps on far users, the requiredpbexity is
8% for MIWF and 32% for IWF. This shows a signifitayain
of 400% in online complexity reduction which goes250%

for near users.
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B. Complexity Analysis

i
100

The previous PCC algorithms are not iterative asel flat
PSD while the proposed algorithm is iterative. dhsists of
two loops, where in the outer loop it is initiakikzevith flat

PSD and repeated while PCC and MIWF algorithms agie The proposed MILTS+MIWF scheme has almost the
performed as the inner loop. The total complexityuld be

the product of the number of iterations and the mexity
required to execute each iteration step. The cortplevithin
each iteration step (inner loop) is sum of the clexipy of

PCC scheme and that of the MIWF. The complexitythef
PcC scheme i©D(KN?) for 0JLTS andO(KN) for other
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schemes [3]The complexity of MIWF is approximately linear
in terms of the number of users and tonesiarf@(KN) [6]

which is smaller or almost equal to that of tREC schemes

[4]. SincePCCscheme needs some more operations for taking
logarithm, comparison and sorting processes, héme®CC
scheme is counted as a major component of the esihplbf

the algorithm.If the proposed algorithm converges after

iteration steps, its complexity will beO(VKN?) for

OJLTS+MIWF and O(VKN) for other schemes. The

proposed algorithm typically converges after 3 dtedations.
Thus, exploiting MIWF into PCC process will makeeth
initialization complexity only v times larger which is
effectively very small. Moreover, because of thatistnature
of DSL environment, all initialization algorithmsdluding the
proposed algorithm run only once for a long timéscience,
this initialization complexity increase will be Higble.

Besides, the proposed non-iterative MILTS algoritines
a performance quite close to that of the OJLTSrélyn and
has lower complexity compared to OJLTS. it willalsause
excessive reduction in initialization complexity.

Moreover, we note that the PCC requirepK

multiplications/DMT-symbol/user for any DMT symb§{B].

To achieve similar bit-rate, the proposed joint P&gorithm
exploits much lower number of cross-talkers to aeceled; it
means that the value g# decreases here compared to that of

the existing PCC schemes, particularly for far siséfhe
average decrease ¢@ is around 300% as it is shown in the

simulation results.
VIII. CONCLUSIONS

In low distance high frequency modems like VDSL
networks, FEXT is the main source of performance
degradation. The FCC techniques require too much
complexity. The PCC schemes achieve most of their
performance by canceling the strongest cross-@akebject to
the given complexity budget. In this paper, firse wave
presented a new modified PCC scheme named as MJLTS.
Then we have presented a combination of MIWF apd?GC
schemes. This new approach achieves higher bi-rateuch
less complexity compared to the existing PCC alhors,
especially in longer lines. The cost of these ganslight
increase in initialization complexity which woulde bvery
negligible due to almost static nature of DSL clesn
Furthermore, we have used dynamic online complefaty
users in the proposed joint algorithm which alld¥eibility
in choosing their bit-rates leading to maximum védgl sum

same performance as the OJLTS+MIWF scheme and the
presented algorithm in [4] but with much less aliiation
complexity. Even in near wusers, it shows superior
performance.
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