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ABSTRACT of the lines present at the CO. This reduces complexity consider-

ably whilst achieving virtually the same performance.

Similar schemes have been proposed in the wireless field re-
ferred to as hybrid selection/maximum ratio combining [1, 2].
"hese schemes typically involve antenna selection at the transmit-
ter with the goal of reducing the required number of transmit RF

chains. Here we are primarily concerned with selection at the re-
ceiver with the goal of reducing computational complexity. We
also exploit certain properties of the DSL environment to gain a

Crosstalk isthe major source of performance degradation in

VDSL. A number of crosstalk cancellation techniques have been
proposed to address this. Whilst these schemes lead to large pe
formance increases they also have high run-time complexities,
problem which grows rapidly with the number of lines within a
binder. Since the majority of crosstalk typically comes from only
a few dominant crosstalkerg is possible to do partial crosstalk

cancell.atlon. . . better understanding of optimal line selection in this context.
In this paper we present a low-complexity, partial crosstalk can-
cellation technique for VDSL based on line selection. We derive 2. SYSTEM MODEL

the optimal line selection technique, and several low-complexity Through use of discrete multi-tone (DMT) transmission and syn-
selection algorithms which give near-optimal performance in most ¢hronised reception it is possible to model crosstalk independently
scenarios. These t'echr?lques'legd to significant reductions in run-g each tone [3]. In this paper we concern ourselves only with
time complexity whilst giving similar performance to full crosstalk  ¢rosstalk cancellation in upstream communication. The extension
cancellation. of line selection techniques to crosstalk pre-compensation in the
1. INTRODUCTION downstream is also p_os_sible and is_ the subject of current work.
) ] ] ] We model transmission on a single toheas follows. x(k)
VDSL is the next step in the on-going evolution of DSL stan- s the set of QAM-symbols transmitted by each of the customer
dards and will support data rates up to 52 Mbps in the downstream.premises (CP) modems on tokevherex; (k) £ [x(k)], is the
These rates are achieved by operating over short loop lengths andympo| transmitted by modefny (k) is the set of received signals
transmitting in frequencies up to 12 MHz. on each of the modems at the CO wherék) 2 [y(k)], is the
Unfortunately the use of such high frequency ranges can gjgna| received on modem Hi(k) is the channel matrix where
cause significant electromagnetic coupling between nelghbourlnghi?j(k) A [H(’f)]m- is the channel from CP transmittginto CO

twisted pairs within a binder group. This electromagnetic coupling veri. Th . ftor f qditi . f
creates interference, referred to as crosstalk, between the systemrgce'vem' e receivers suffer from additive noiggk) from e.g.

: . A k :
operating within a binder. Over short loop lengths crosstalk is typ- &/1€n crosstalk, RFl and thermal noisg(k) = [z(k)], is the noise
ically 10-15 dB larger than the background noise anithédomi- seen at receiverwhich we assume to be Gaussian. Thereldre
nant source of performance degradation. users in the binder so(k), y (k) andz(k) are all vectors of length
Several schemes have been proposed for crosstalk cancellation? » Whilst H(k) is a matrix of dimensionV x N. Transmission of
in VDSL. These are typically based on joint processing at the cen- ©n€ DMT-block on toné: is modeled as
tral officg ((;Q) of all lines within a binder. Whilst thgse schemgs y(k) = H(k)x(k) + z(k)
lead to significant performance gains their complexities are outside o o . .
the scope of current implementation. We refer to these schemes a§0r simplicity we assume identical noise power on all receivers
full crosstalk cancellation at one toné {z(k)z" (k)} = o”(k)Iy and normalised transmit
In this paper we investigate low complexity crosstalk cancel- powersg {x(k)x" (k)} = Ix. Extensions to include non-white
lation for upstream communication which utilizes the concept of noise and spectral shaping are trivial, involving the use of an equiv-
‘line selection’. It has been observed in many DSL systems that alent AWGN channel. We drop the tone indein the following to
significant crosstalk often comes from only a small selection (typi- Clarify notation. An identical procedure is followed on each tone.
cally 4-5) of the other lines within a binder. Using this observation, 3. FULL CROSSTALK CANCELLATION

we propose a scheme which detects each user using only a sub-set i ]
Many schemes for crosstalk cancellation have been proposed in-

This work was carried out in the frame of IUAP P5/2Bynami- cluding linear MUD [4] and non-linear schemes based on deci-
cal Systems and Control: Computation, Identification and Modeking sion feedback [3]. In upstream transmission due to the structure
P5/11 Mobile multimedia communication systems and netwdhesCon- — of the DSL channel there is often little difference in performance

certed Research Action GOA-MEFISTO-668athematical Engineering . ] . -
for Information and Communication Systems Techngld8/O Project between linear and non-linear schemes. For this reason we restrict

G.0196.02, Design of efficient communication techniques for wireless ©OUr attention to linear MMSE crosstalk cancellation. )
time-dispersive multi-user MIMO systeiasd was partially sponsored by Linear crosstalk cancellers form an estimate of the user Of inter-
Alcatel-Bell. est’s signal, whom we denote userusing a linear combination
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of the signals received aall lines argmin & Wy, — xn\Q

Tn = Wy

~ ~ o~ —1
- ef|” (Han + JQI,,H) )
The linear MMSE crosstalk canceller is a row-vector of dizeN

defined as
5. OPTIMAL LINE SELECTION

Using (2) we can design a partial crosstalk canceller given any set
of extra observation lineBl,,. The process for selecting these ex-
tra observation lines is now described. Our goal is to maximize

data rate. Using information theory we can phrase the line selec-
tunately this leads to high run-time complexity and memory re-

tion problem as
quirements. Full crosstalk cancellation has a complexit§) V) ®)
multiplications/tone/DMT-block/user, leading to a total complex- whereC,, £ I(¥n; x,)* and|S| denotes the cardinality of s&t
ity O(KNQ) where K is the number of tones. This rapidly in- Rewrite (1) as a sum across transmitters
creases with the number of lines in a binder. For example, in a sys- _

1
w, = argmin& |wy — acn|2 = efHH (HHH + O'QIN)

wheree,, is then'th column of the identity matriXiy. Appli-
cation of this leads to large performance gains, particularly over
short loops where performance is interference limited. Unfor-

%E?LXC” st. |Myp|=p

tem with K’ = 4096, N = 20 and a DMT-symbol rate of 4 kHz,
crosstalk cancellation has a run-time complexity6a5 x 10° _ i -

mults/second. In binders consisting of hundreds of lines the com-Whereh; £ [hy, ; b1y -+ hanp),i] - Using this model
plexity becomes completely unrealisable. 1

4. PARTIAL CROSSTALK CANCELLATION Cn=log [ 1+ [ Y hh{ + 0L,

This high complexity motivates the development of reduced com- i#n

plexity techniques. Typically, the majority of crosstalk experi- . N =~y ) )

enced by a user comes from only a subset of lines within the DefineZ = 5, h;h;" 4 o°1. In DSL the direct channel
binder. We refer to these lines as theminant crosstalkersThese ~ from a given transmitter to its receiver is always much stronger
lines typically correspond to neighbouring pairs of a particular line than the channel fronthat transmitter to another receiver. We
within the binder geometry. In binders who's constituent lines call this column-wise diagonal dominance since it ensures that
have significantly different lengths, another source of dominant [Ann| > [hmn| Vm # n, ie. the diagonal element of each
crosstalk is the near-far effect. In such scenarios, near-end user§0lumn has the largest magnitude. Hence we can approximate
cause significantly more crosstalk than far-end users since the sighn =~ [fn,n 01xp]T. Using this observation we rewrite (3) as

nals of far-end users attenuate before crosstalk coupling occurs.

h,

For these reasons we can achieve a large performance gain just X Cn & X hyZ 'hy,
by cancelling crosstalk from dominant crosstalkers. This can be 2 rry—1
implemented by observing a sub-set of the lines when detecting < I&iﬂh"*"' (277,
each user. Specifically we observe the direct line of the user of o  max [Z‘l]
interest, plugp additional lines. Due to the high SNR nature of My 1,1

the DSL channel, any interference on the line of interest which is . B

correlated with interference on teextra observation lines canbe  Now [Z7'] | = |Z1.1||Z|" whereZ, ;, is defined as the ma-

filtered out with minimal effect on signal power. trix Z with row ¢ and columnj removed and.| denotes the deter-
By observing only a subset of lines at the receiver, the com- minant. We can re-writ& as follows

plexity for crosstalk cancellation of a single user reduces from oy

O (N) — O (p+ 1) which can be considerable for binders with 7 — [ l\};InH

a large number of lined/.
. . A o
We denote the set op extra observation linesM,, = where by 2 [hiy - hin Bimsr-- hin]? and M 2
[Bn1) -+ hin(p |- Note thath; containsthe paths from the in-

{mn(1),...,mn(p)}, and the user of interest as userObserv-

ing line n and linesM,, in the detection of usen leads to the o forers to the receiver of line Decomposé into sub-matrices
T
oo b |

following reduced system model
D
whereaq £ ||Hn||2 + o2, bT

h'M, ¢ 2 M¥h, andD =

] [ b, M ] 40T (4)

yn = ﬁnx + i’n (1)

where the set of signals on the observed lings £

> o e

[Yn Ymn(1) - y'rnn(p)]T, noise on the observed lines M”M+o°1, = Z ;. Using the Schur complement we can write
Zn 2 [Zn Zm,) Zma)  and reduced channel  [Z7'] | =|Z1a||Z|7" = (a - b"D'c) . We can rephrase
i A[[H]T H]” e H]” o T our optimisation asnin (a — b"D™"¢) < maxb” D™ 'c since

n — row n row mqy (1 row mpy, (p

) T —1 . .y . . .
We form an estimate of the symbol of userusing a linear a—b" D™ cis positive. Thus our optimisation becomes

combination of the signals received on tifeservedines only . 1 o
max b, M (MHM + 021,7) M"h,

In = WnyYn

The optimal design for the linear partial crosstalk cancedlgrin
the MMSE sense is

1This can be related to the rate achieved using a conventional slicer
through the SNR-gap to capacity.
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DecomposéM into an orthonormal set of basis vectors using the Algorithm 1 Greedy algorithm

SVD, M *' USV? such thatU has sizeN — 1 x p, S £ initialise _
diag {s1,...,sp}, and'V has sizep x p. U contains the first residualcrosstalkr = h., _ o
p left singular vectors oMM and spans the same column-space. rel. basis vect. for each unselected liag= h;/ ||h;|| Vi # n
Using this basisof selected linedJ, = [] (always orthonormal)
) set of unselected line$=[1, N] — n
M (M"M+0°T) M" =US’(8*+0°1) U forj=1...p o .
find line with largest projectiom,, (j) = arg max;es u;' r

Thus our optimisation becomes update

basis of selected linés, = [Us u,,,,,(j]

2 set of unselected lin€s= S — m,,(5)

S(s* + 0—21)’% U"h,

rﬁa;,x relative basis of each unselected line
orthogonalize to selected basis= (I — U, U ) u; Vi € S
Eachbasis vectow; is scaled by a penalty fact%. Basis normalizeu; = u;/ ||u;|| Vi € S

vectors with larger singular values introduce less noise when ~ €nd

used for interference cancellation and hence have a light penalty. My = {mn(1),...,mn(p)}
Over short lines the interference is typically several orders of

magnitude larger than the background noise. In this special case

we can drop the noise term in (4) and approxingte- 021 ~ 82, Dominant Lines
Our optimisation then becomes Partial crosstalk cancellation attempts to cancel interference from
H— 12 dominant crosstalkers only. In implementation this is done by only
X ‘U hy, ®) observing a sub-set of the lines at the CO when detecting each

— user. Except in extreme near-far scenarios, the best estimate of the

Effectively we form a basis from the vectol,,), . .., B, dominant crosstalker’s signals come from their direct lines hence
anduse this to cancel the interference seen on tingecall that these lines form a good basis for crosstalk cancellation

h,, is the Interference seen on limg. The larger the projection of In this scheme we simply observe the direct line of the user of

the interferencé,, ontothe basis, the more interference we can interest and the direct lines of thelargest crosstalkers (largest

remove and hence the larger the capacity. . |hn,:|) On each particular tone. The complexity of this scheme is
Note that (5) must be evaluated over every possible siiiset  » (%’'\) the lowest of all schemes shown here. In our example,

of cardinalityp. There are(Np 1) such subsets which leads to a selection would requirer 8.2 x 10* mults/user, ie. 62,000 times
selection complexity 0© (KNp2 (ijl)) mults/user. Thiscan  less complex than the optimal scheme.

be extremely c_omplex fqr larg® e.g. Withp' =4, K = 409(93 7 PERFORMANCE

and N = 20, line selection has a complexity af 5.08 x 10

mults/user. Fortunately the DSL environment is quite stationary e now compare the performance of the different line selection
in time so subset selection doesn't need to be updated often. Thisschemes. In our simulations we usé = 4096, tone spacing

reduces the impact of such a |arge selection Comp|exity. 4.3125 kHZ, DMT-block rate 4 kHz and Alien Crosstalk Type C
as per ETSI standards. Coding gain is 3 dB, noise margin 6 dB
6. SIMPLIFIED LINE SELECTION and target symbol error probability 10~7. Flat transmit PSDs

are employed at -60 dBm/Hz according to the 998 FDD band-plan.

A set of measured channel transfer functions are used which were
provided by British Telecom. The measurements were done on an
8-pair binder, consisting of 0.5 mm (24-Gauge) pairs.

Greedy Algorithm (Basis Pursuit) Time/frequency-sharing (TS/FS) is used as a baseline compari-

The greedy algorithm (also known as basis pursuit) is commonly SOn for the schemes. In time (frequency) sharing we simply do full
applied to sub-set selection problemsf[5]. This algorithm works by crosstalk cancellatiorp = N — 1, for some fraction of the time
selecting, at any one time, the best extra observation line as if this(0n Some fraction of the tones) and standard detectjor: 0,
where the last extra observation line to be selected. As a result thefOr the rest of the time (on the rest of the tones). This is the
algorithm is generally short-sighted and gives its best performances'mm%t form of partlal cancellation available and gives a linear
at lowp. performance-complexity curve.

The greedy algorithm is listed in Alg. 1 and operates as fol- pjstriputed Scenario
lows. We begin by defining the residual crosstalk his contains
all crosstalk which has not been captured in previously selected
lines. The algorithm iteratgstimes. Each iteration, the algorithm
selects the extra observation line which will capture the largest
amount of residual crosstalk.

The algorithm has a selection complexity 6f (3 K N*p?)

Since optimal line selection is highly complex we now present
low-complexity selection algorithms which are near-optimal in
most scenarios.

In this scenario the lengths of the pairs are consistent with a dis-
tributed topology and range from 300m to 1000m in 100m incre-
ments. The measured crosstalk transfer functions from each of the
shorter loops into the 1000m loop are shown in Fig. 1.

The performance vs. run-time complexity curves of the dif-
; h . ferent schemes are shown in Fig. 2. As can be seen, line selec-
mults/user. In our previous example, selection would require i 4ji0ws us to achieve 90% of the performance of full crosstalk
=~ 2.62 x 10° mults/user, i.e. 19 times less complex than the .,ncejlation with only 58% of the run-time complexity. It is ex-
optimal scheme. For comparison we also run simulations using e cteq that with larger binders this effect will grow considerably

the backwards greedy algorithm([5]. This algorithm is inherently 5,4 measurements of these binders are currently underway. Little
long-sighted, giving best performance for lagge
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performancelifference can be seen between the schemes and in
our experience this is the case for all scenarios with lines < 1200m.

Extreme Near-Far Scenario
In extreme near-far scenarios with lines > 1200m, the performance
difference between selection schemes grows considerably.

Over short lines, the direct lines of dominant crosstalkers usu-

ally form the best basis for estimating dominant crosstalkers’ sig- .

nals. However, this is not the case if the binder contains a long
line with a weak direct signal, and interference signals which are
highly correlated with the interference on the line of interest. In
this case the long line will allow any correlated interference to be
removed whilst introducing minimal extra interference from the
(weak) direct channel. This only occurs in extreme near-far sce-
narios i.e. on line lengths > 1200m. Furthermore, the effect is only
noticeable ifp < number of dominant crosstalkers.

We evaluated performance in an extreme near-far scenario with
one 1800m line and@ x 300m lines. The results are shown in Fig.
3. The greedy algorithm performs well for Igw whilst the back-
wards greedy and dominant lines algorithms perform well for high
p. Outside of these ranges the algorithms can be significantly sub-
optimal, even worse than time/frequency sharing in some cases.
Note that in practice such extreme near-far scenarios rarely occur.
Line lengths larger than 1200m are outside the range of any cur-
rently planned VDSL deployments.

8. CONCLUSIONS

Crosstalk isthe dominant source of performance degradation in
VDSL. Crosstalk cancellation has been proposed to address this
and leads to large performance gains. Unfortunately it can also
lead to large run-time complexity and memory requirements.

In this paper we have presented a reduced complexity, partial
crosstalk cancellation scheme for upstream VDSL based on line
selection. We presented the optimal scheme for line selection and a
number of simplified schemes. It was seen that optimal line selec-
tion attempts to capture as much interference energy as possible on
the extra observation lines. The simplified line selection schemes
give near-optimal performance provided lines are less than 1200m
which is virtually always the case in practice.

In this paper we focused on line selection to reduce crosstalk
cancellation complexity. It has also been observed that the worst
effects of crosstalk are limited to a small proportion of tones. With
this in mind, the number of extra lines observed on each tgne -
can be made a function of the tone inde&nd can vary according
to the benefits of crosstalk cancellation on each tone. This is an in-
teresting extension to this work and is currently being investigated.
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