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Abstract—VDSL is the next step in an on-going evolution of cancellation exceeds 6.2 billion multiplications per second.
DSL systems. In VDSL downstream data rates of up to 52 Mbps This is outside the scope of present-day implementation and
are Sgﬁé’ig?eud t%/ f'zoehsﬁ_t";gu‘%‘]{g:t usr?a?tgl 'ngcr']eﬂ?tmrgngeﬁi'igg may remain infeasible economically for several years. Other
rescLIt in crossl?talk between pairs withinya binderggroup?. Many pechmques such as sof.t—lnterference cancellation ‘f.jmd non-
crosstalk cancellation techniques have been proposed to addresslinear crosstalk cancellation add even more complexity.
this. Whilst these schemes lead to impressive performance gains What is required is a crosstalk cancellation scheme with
their complexity grows with the square of the number of scalable complexity. It should support both conventional
m%%r‘é"c'}g'gfal‘ingg‘:ﬁ{'s Icnortr)wlgl(zja?(g{gric')sugjtsvivc;]elcthhecir(]:o%grgf Ltj:ﬂrﬁgnt single-user detection (SUD) and full crosstalk cancellation.
implementation. y Fur_thermore it sho.uld_exhibit graceful performance degra-

In this paper we investigate partial crosstalk cancellation for dation as complexity is reduced. We present an upstream
upstream VDSL. The majority of the detrimental effects of crosstalk cancellation scheme which exhibits these properties.
crosstalk are typically limited to a small sub-set of lines and |t js shown that by exploiting the space and frequency-selective

tones. Furthermore significant crosstalk is often only seen from ; ;
neighbouring pairs within the binder configuration. We present a nature of crosstalk channels this crosstalk cancellation scheme

number of aigorithms which exploit these properties to reduce the €an achieve the majority of the performance gains of full
complexity of crosstalk cancellation. These algorithms are shown crosstalk cancellation with a fraction of the run-time com-
to achieve the majority of the performance gains of full crosstalk plexity.

cancellation with significantly reduced run-time complexity.

Il. UPSTREAMSYSTEM MODEL

s \s/t[e)rilg |sSLtJhe or;g)r;t Sé:?a'?atzg Sn'?g 'gg l?/lvt? Igui?]n”(]); 3? Rgated at the central office (CO) as is the case in upstream
Y - 2ubp 9 P b ansmission. This is a prerequisite for crosstalk cancellation

stream, VDSL offers the potential of bringing truly broadband.

I. INTRODUCTION ] ) o
\%We begin by assuming that all receiving modems are co-
access to the consumer market. VDSL supports such high aill{‘\jce signal level co-ordination is required between receivers.

: : L fough synchronized transmission and the cyclic structure of
rates by operating over short line lengths and transmitting ;
frequencies up to 12 MHz. T blocks crosstalk can be modeled independently on each

The twisted pairs in the access network are distributé‘&neﬁ We asf?ume t?f;?.alﬁl usersTW|th|n j[hez_ blndfer—g(ou?
within large binder-grou which typically contain anything SOMt.I.agI ealf us%r dlnlecrjerers. ransmission of a singie
from 20-100 individual pairs. As a result of the close distam% ock can be modeled as
between twisted-pairs within binders and the high frequencies
used in VDSL transmission there is significant electromagnetic
coupling between near-by pairs. This electromagnetic couplifpre x;, £ [z}, - ,:ci}'“l] and is the vector of transmitted
leads to interference arosstalkbetween the different systemssignals on tonek. =z} is the signal transmitted onto line
operating within a binder. Far-end Crosstalk (FEXT) is typat tonek. The tonek is in the rangel,..., K. y, and z,
ically 10-15 dB larger than the background noise anth&s have similar structuresy; is the vector of received signals
dominant source of performance degradation in VDSL. on tonek. z; is the vector of additive noise on torieand

Many crosstalk cancellation schemes have been proposeditains thermal noise, alien crosstalk, RFI etc. We assume
for VDSL see e.g. [1], [2], [3]. These schemes are applicab&{zkzkH} = 02Iy41. This is without loss of generality since
to upstream (US) transmission where the receiving modemsoise-whitening pre-filter can be applied at the RXs prior to

vi = Hpxp + 2

are co-located. crosstalk cancellation.
Whilst the benefits of crosstalk cancellation are large, com-Hy, is the (N + 1) x (N + 1) channel transfer matrix on
plexity can be extremely high. For example in a bundle with 2@ne k. By £ [Hg], ., is the channel from TXn to RX n

users all transmitting on 4096 tones, and operating at a blagk tonek. The diagonal elements d; contain the direct-
rate of 4000 blocks/second the complexity of linear crosstafihannels whilst the off-diagonal elements contain the crosstalk

. . . ) channels. We denote the transmit auto-correlation on fone
This work was carried out in the frame of IUAP P5/Z%namical Systems

H\1 _ H m A H
and Control: Computation, Identification and Modellirgnd P5/11 Mobile asé’ {kak } - S]f with Sk - [S_k]m._m' Note thatsk IS a
multimedia communication systems and netwotke Concerted Research diagonal matrix since co-ordination is not available between

Action GOA-MEFISTO-666 Mathematical Engineering for Information and the different customer premises (CP) transmitters.
Communication Systems TechnologgyvO Project G.0196.02Pesign of . .
efficient communication techniques for wireless time-dispersive multi-user!n DSL channels with co-located receivers the channel

MIMO systemsand was partially sponsored by Alcatel-Bell. matrix H; is column-wise diagonal dominant (CWDD) and
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satisfiesthe following property B. Simplified, Near-Optimal Crosstalk Cancellation

(m,m) (n,m) As a result of the CWDD o, rates close to the maximum
’h’“ ‘ > ’h’“ vn#m @) can be achieved with a very simple receiver structure. Further-
In other words the direct channel of any user always hagore pre-filtering is not required so such rates can be achieved
a larger gain than the channel from that user’s transmittéithout co-located transmitting modems. We now show why
into any other user’s receiver. This property has been verifigtis is true.
through extensive cable measurements (see the semi-empiricdlne CWDD of H;, ensures that its columns are approx-
crosstalk channel models in [4]). It will be exploited in thémately orthogonal. Hence the right singular vectorskbf

remaining sections. can be approximated
[1l. CROSSTALK CANCELLATION P, = V.
A. Optimal Crosstalk Cancellation ~ Iny

When both the transmitters and receivers of the mode
within a binder are co-located, channel capacity can
achieved in a simple fashion[1]. Using the singular valu
decomposition (SVD) define

Eé% pre-filtering is not required. This is important since in
pstream DSL transmitting modems are not co-located. At the
receivers we apply the filter

HA\—-177H
H;, = UA VE @ Wi = en M Ui
; o~ H —1y7H
where the columns ofU; and V; are the left and right - ezv’i?’f Ui
singular vectors ofH; respectively and the singular values ~ e, H,
Ay 2 diag{\},...,\) "'}, It is assumed thaH is non-

_ k. i ) Hence the optimal receiver structure is well approximated
singular which is ensured by (1) provided tfigt 7;0, Vn. by alinear zero-forcing (ZF)design. Thus we can achieve
Define the true set of symbals, = [5}6 @CNH] which close to maximume-rate using the following estimate

are generated by the QAM encoders. Defi¢x;x;'} =

~n __  Hyy—1
S, = diag{3},...,5)*!}. For a givenS; the optimal Ty = e, H "y
transmitter structure pre-filtegs, with the matrix Note that noise enhancement is not a problem skge ~
P, =V, A 'UH. U is unitary hence it does not alter the statistics of

. 71 . . - . .
such thatx, — PXy. At the receiver we apply the filter the noise A, ~ is diagonal hence it scales the signal and noise

o HAirH ; . _equally. In [6] an upper bound is proposed for the capacity
Wi = e, AUy 1o generate our estimate of the transmﬂteﬁdss incurred due to the above approximation. Using worst

symbol case models, this is shown to be less than 1% for 99% of
I = WLYk DSL channels.
= w} (H,PiXy + i) Using this scheme crosstalk cancellation of one user at one

tone requiresN mults./DMT block. So crosstalk cancella-
tion for N + 1 users onK tones at a block-raté (DMT
wheree, = [Ini1]., Int1 is the (N + 1) x (N + 1) blocks/second) requirgsV? + N) Kb mults. per second. This
identity matrix, anct} = erlelleksz, Here we useA] complexity rapidly grows with the numbe_r of users in a bundle.
and [A]_,, to denote thenth row and column of matrix Elor kexa;nplef, L{BO?) t2r? user Slys'ttem' V\gtg :31%96 tOﬂEi'tS and a

: 2 2 (yny—2 ock rate o e complexity is 6.2 billion mults. per
A respect.lvely. Note thgf {'Zk’| } = 0, (M) : The pre second. So whilst crosstalkpcanc)éllation leads to signifli:)cant
anq post-filtering operations remove crosstalk W|th<_)ut causip@rformance gains it can be extremely complex, certainly
noise enhancement. Applying a conventional slicerzb peyond the complexity available in current-day systems. This
allows the following rate to be achieved for useon tonek s the motivation behind partial crosstalk cancellation.

T+

¢ = log (1 + la,f ()\};)2?,2) IV. CROSSTALKSELECTIVITY

r . .
In Fig. 1 some crosstalk transfer functions are plotted

I representshe SNR-gap to capacity and is a function of thgom 3 set of measurements of a British Telecom (BT) cable
target BER, coding gain and noise margin[5]. The maximugpnsisting of8 x 0.5mm pairs. Examining this plot we can
achievable rate of the multi-line DSL channel is make two observations:

C— Z log First, from_ a particular user's perspective, some crosstalkers
cause significant amounts of interference, whilst others cause
k little interference at all. We refer to this as thigace-selectivity
It is straight-forward to showy_ >, cp = C. So through of crosstalk since the crosstalk channels vary significantly
the application of a simple linear pre and post-filter, and lgetween lines. Space-selectivity arises naturally due to the
conventional slicer it is possible to operate at the maximuphysical layout of binders. Since electromagnetic coupling
achievable rate of the DSL channel for the givBp. Un- decreases rapidly with distance, each pair will experience
fortunately application of a pre-filter requires the transmittingignificant crosstalk from only a few other surrounding pairs
modems to be co-located. In upstream DSL this is typicallyithin the binder. The near-far effect also gives rise to
not the case since transmitting modems are located at differepace-selectivity. In upstream transmission, modems which
CPs. are located closer to the CO will cause more crosstalk than

1 _
IN+1 + fgk 2Hk¢SkaH
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thoselocated further away. Using the channel measurementgereef’ is the first column ofL,, 11 and [A], .4 s
provided by BT it was seen that 90% of crosstalk energy tkenotes the sub-matrix formed from the rofvsand columns

caused by the 4 largest crosstalkers. B of matrix A.
Second, crosstalk channels vary significantly with fre-
quency. We refer to this as thé&equency-selectivityof VI. LINE SELECTION

crosstalk which arises naturally from the frequency dependentn DSL the majority of the crosstalk that a particular
nature of electromagnetic coupling. Using the BT channabker experiences comes from only a few of the other users
measurements it was seen that 90% of the crosstalk is canthin the system. We have referred to this effect as the
tained within less than half of the tones. spaceselectivity of the crosstalk channel and we exploit it

So the effects of crosstalk vary considerably with botto reduce the complexity of crosstalk cancellation. In practice
space and frequency. Furthermore, the majority of its effedtss corresponds to observing only the suldggt of the lines
are contained within a relatively small subset of tones ard the CO when detecting user
crosstalkers. Some tones will see more significant crosstalker$n this section we investigate the optimal choice for the
than others and we can scale between conventional single-umdssetM7? . Our problem is thus
detection (SUD) and full crosstalk cancellation on a tone-by- n n
tone basis. On each tone we choose the degree of crosstalk maxc s.t. M| < Pen ®3)
cancellation based on the severity of crosstalk experienced. :
By only canceling the largest crosstalkers and by varying théere|A| denotes the cardinality of sét and ¢y is the rate
degree of crosstalk cancellation on each tone, partial crosstafkisern on tonek.
cancellation can approach the performance of full crosstalkDefine the SVD of the reduced channel matrix
cancellation with a fraction of the run-time complexity. o, svd ﬁkKkaH

V. PARTIAL CROSSTALK CANCELLATION ) o e
CWDD in Hj implies the same inH,. Hence we can

A. Partial Crosstalk Canceller Structure . sy . o
] i ) . approximateV, ~ I, .. Under this approximation
We now describe partial crosstalk cancellation design in ’

more detail. In the detection of userwe observe the direct W' — eHH,'

h X i : Wi e

line of usern (to recover the signal) ang, ,, additional lines P -
(to enable crosstalk cancellation) , varies both with the ~ e, A\, U,

tone k and usem to match the severity of crosstalk seen bys. — . . —1 . L
that user on that tone. Note that,, = N corresponds to full SINc€ Ux IS unitary, and A, is diagonal, application of
crosstalk cancellation whilgt, ,, = 0 corresponds to none (ie_wkdoesnot cause noise enhancement. It is straight-forward to

SUD). Define the set of extra observation lines show that, after application of the partial crosstalk canceller
' R the Signal to Interference plus Noise Ratio (SINR) is closely
k= Amen(l), oo mpn(Pen)} approximated by
and the corresponding received signals ’h,ﬂ”’") 2 .
T n o i
y’g é y’?7 yk Ic,n(l) . yk k,n(pk,n) SINRk >~ (4)

(n,m) |
a4 o

. . o 2 {n, My}
We form an estimate of the transmitted symbol using a linear o . ]
combination of the received signals on thkservation lines With the approximation becoming exact in strongly CWDD
only channels. See [8] for a more thorough proof.
Tk = WiV Maximizing SINR} and thus rate? corresponds to

maximizing the amount of interference captured in the set

Note that crosstalk cancellation for userat tonek now Mj}. Note that we assume a sufficient number of noise
requires onlyp,,, mults./DMT block in contrast to thev sources and crosstalkers such that the background noise and
mults. required for full crosstalk cancellation. This techniquégsidual interference are approximately Gaussian. So to
has many similarities to hybrid selection/combining from th&aximize ratec} we simply chooséM; to contain the
wireless field[7]. There selection is also used between recelagest crosstalkers of useron tonek. Define the indices of
antennas to reduce run-time complexity and reduce the numB@ crosstalkers of user on tonek sorted in order of
of analog front-ends (AFE) required. crosstalk strength

B. Partial Crosstalk Canceller Design {@en(1), ..., qen(N)}

We now describe the design of the partial crosstalk caggch tha ; Vi and
celler. We begin with a reduced channel matrix which contains o (i) 7 1, Vi

i n Ny 12 . . 2 .
only the paths between userand users in the sé{l} ‘hl(cn,qk,n(z))‘ Szk,n(z) > ‘hl(cn,qk,n(wrl)) SZk,n(%Fl)) Vi
—n 4 p{mm [HY] . o . _
H, £ " o Jrow n, cols My At this point we can propose a simple approach to partial
[Hk}rowsMZ',coln [ k]mwsMg,comM; crosstalk cancellation: Alg. 1. Assume we operate under a

The linear ZF partial canceller is designed complexity limit of cK” mults./DMT-block/user

oA —H (=0t M7?| < eK, Vn
Wkée{{<Hk) ;‘ k|
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Algorithm 1 Line Selection Only Algorithm 2 Tone Selection Only
P = {gea(D). - qon(Q)}, Y,k , { oo ntl o ML)

P ={ ke (kD) ..., kalcK/N)}

(), otherwise

This corresponds te times the complexity of a conventional
frequency domain equalizer (FEQ) as is currently implemented

in VDSL modems. In this algorithm we simply cancel the ;nqthe indices of the tones ordered by this gain
largest crosstalkers on each tone, hence

Prn = ¢, Vn, k {kn(1), oo kn(K)} St Gr (i)n = Gk (i41),m0 Vi

The reduction in run-time complexity from this algorithm
comes” from space-selectivity only. S'”Tle the deghr.ee Olf Partighie that by operating on a logarithmic scajg,, can be
cancellation stays constant across all tones this algorithiy iaieq by dividing the arguments of the logarithms in
cannot exploit the frequency-selectivity of the crosstalk chap- (N) andr..(0)
nel. As we will see, this leads to sub-optimal performancé™" A i ,
when compared to algorithms which exploit both space andVe can now define another partial crosstalk cancellation al-
frequency-selectivity. The advantage of this algorithm is i@0rithm: Alg. 2. This algorithm simply employs full crosstalk
simplicity. The algorithm requires onl(KX N) mults. and Ccancellation on the:K'/N tones with the largest gain and
K sorting operations ofV values to initialize the partial N0 canc_ellatlon on all other tones. This leads to a run-time
crosstalk canceller for one user. Here we define initializatiGimplexity of cK” mults./DMT-block/user.
complexity as the complexity of determinimyl}, Vk. Ini- Note that in this algorithrmp, ,, is restricted to take only the
tialization complexity does not include actual calculation ofalues 0 orN. As a result it is not possible to only cancel the
the crosstalk cancellation paramet&#g for each tone. This largest crosstalkers and this algorithm cannot exploit space-
requiresO(>",. (pk,» + 1)®) mults. for usern regardless of selectivity. The initialization complexity of this algorithm is
the partial cancellation algorithm employed. The initializatio® (X N) mults. and one sort of siz&, per user.
complexity (in terms of mults./user) of the different partial
cancellation algorithms is listed in Tab. I. All algorithms have

equal run-time complexity.
q P y VIII. JOINT TONE-LINE SELECTION

VII. TONE SELECTION

In the previous section we presented Alg. 1 for partial

crosstalk cancellation. This algorithm exploits the spacgqithms which exploit only one form of selectivity in the
selectivity of the crosstalk channel, ie. the fact that crosstglk sstalk channel. To achieve maximum reduction in run-

varies significantly between different lines. Crosstalk couplingy,o complexity it is necessary to exploit both spamed
alsol \_/ar(|jes 5|gg|f|cantly with frequlen(_:y and this can also hig,q,ency-selectivity. We should adapt the degree of crosstalk
exploited to reduce run-time complexity. - cancellation done on each topg,, to match the potential

In low frequencies crosstalk coupling is minimal so We.ins |n practice this means that we allgw,, to take on

would expect minimal gains from crosstalk cancellation. I{)3,es other than 0 ani¥ whilst also allowingpy, ,, to vary
higher frequencies on the other hand crosstalk coupling cg8m tone to tone. o

be severe. However in high frequencies the direct channe . . . .

attenuation is so high that the channel can only support’\S W€ saw in Sec. VI observing the direct line of a

minimal bitloading even in the absence of crosstalk. Thislimiﬁ'gssmlker allows us to remove the crosstalk it causes to

the potential gains of crosstalk cancellation. The largest gati§ USer being detected. Hence line selection is equivalent

from crosstalk cancellation will be experienced in intermedia@ choosing which subset of crosstalkers we desire to cancel.
T

In Sec. VI and VIl we described partial cancellation al-

frequencies and this is where most of the run-time complexify"én combined with tone selection our problem is effectively
choose which (crosstalker, tone) pairs to cancel in the

detection of a certain user.

The rate improvement from canceling a particular
{ ‘h(n,n) an crosstalker on a particular tone is dependent on the other
o (Pem) 2log [ 14 = k F (5) crosstalkers that will be canceled on that tone. As such there
’ ’ L W (Pn) + 0} is an inherent coupling in crosstalker selection which greatly
complicates matters. In this algorithm we remove this coupling
by ignoring the effect of other crosstalkers in the system. This
greatly simplifies (crosstalker, tone) pair selection with only a
A (namn ()2 don () small performance penalty. A discussion of the near-optimality
Ukon(Prn) = Z hy, ‘ S of this algorithm and performance comparisons with the truly
i=pr,n+1 optimal partial cancellation scheme (which is based on a
greedy algorithm) is given in [8].
Define the gain of canceling crosstalkeron tonek in the
Gk = Tk (N) — 75,,(0) detection of usen, and in the absence of all other crosstalkers

should be allocated. Define the rate achieved by wsen
tone k when thep,, ,, largest crosstalkers are canceled

where

Define the gain of full crosstalk cancellati¢py, , = N)
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Algorithm 3 Simple Line-Tone Selection view partial cancellation as a resource allocation problem not
n _ ) just across tones, but users as well. Given a fixed number of
p={m e (mok) € {dn(1), .oy dn(cK)}} multiplications we must divide them between users based on

the desired rate of each user. In a similar fashion to work done

in multi-user power allocation (see e.g. [9]) we can define a

rate region as the set of all achievable rate-tuples under a

given total complexity constraint. This allows us to visualize

‘ hl(c"’n) ? sm the different trade-offs that can be achieved between the rates
Gen(m) 2 log |1+ o2 i of different users within a binder.
g X. PERFORMANCE
plrm) 2 7 We now compare the performance of the partial cancellation
“tog |1+ 1 k B algorithms previously described.
r ‘h(n,m) 25’” 12 We use semi-empirical transfer functions from the ETSI
k k k VDSL standards for 0.5mm (24-Gauge) lines[4]. Note that

Note that if we work in a logarithmic scale them, , (im) in these channel models each user sees identical c_rosstalk
can be calculated by simply dividing the argufﬁents ghannels to all crosstalkers of equal line length. That is, the
each log function. Define (crosstalker, tone) pair() variation of crosstalk channel attenuation with the distance
(ma(i), kn(i)) and its corresponding ,gair?j (dn(i)) 2 between lines within the binder is not modeled. When a binder
7 " ’(;;L (i)). This allows us to define the nindices ofcon3|sts of lines of varying length the model does capture the
(gflo(ls)é?alkeﬁ tolne) pairs ordered by gain near-far effect. All users will see the modems located closest to
' the CO (near-end lines) as the largest sources of crosstalk. On
{d,(1), ..., do,(KN)} 8.t.9, (d,(i)) > g, (d.(i + 1)), vi the other hand when a binder consists of lines of equal length
i . i ) . all users will see equal crosstalk from all other users. In that
We can now define our joint tone-line selection algorithnyase there will be no space-selectivity in the crosstalk channel
Alg. 3. In the detection of usen we observe the direct line mogel. In reality we would expect more space-selectivity than
of crosstalkenn on tonek if the pair is contained within these channel models. Hence we can expect

> {1>

(m, k) € {dn(1), ..., dn(cK)} the reduction in run-time complexity to be even larger than that
. ’ _ o shown here.
This leads to a run-time complexity afK mults./DMT- In our simulations the binder consisted of 8 lines\ée= 7.

block/user. The benefit of this algorithm is its low complexityThere are 4 near-end users located 300 m. from the CO and

Pair selection for one user has a complexityXfi V') mults. 4 far-end users located 1200 m. from the CO. We ukeg

and one sort of sizé& N. Furthermore, this algorithm exploits 4096 tones, a coding gain of 3 dB, noise margin 6 dB, target

both the space and frequency-selectivity of the crosstalk charor probability10~7, 998 Bandplan with flat transmit PSD at

nel, allowing it to cancel the largest crosstalkers on the tongs) dBm/Hz, and noise model A from the ETSI standards[4].

where they do the most harm. We distribute run-time complexity between users as de-
IX. COMPLEXITY DISTRIBUTION BETWEENUSERS scribed in Sec. IX. Fig. 2 contains the achievable rate regions

o ) _ _under varying complexitieg using Alg. 3. The rate region
So far we have limited the run-time complexity of detectingas constructed by dividing multiplications between the two

each user teK such that classes of near-end and far-end users. Users of one class
Z IM?| < cK, ¥n receive an equal number of multiplication®i,c..cK and
- k=" 21K mults./DMT-block for the near-end and far-end users

) ) ) ] o respectively. By varying the parametgf,. we can trace out
If crosstalk cancellation of all lines in a binder is integrateghe houndary of the rate region. Note th@ta, = 1— fi¢ar. We
into a single processing module at the CO, then mults. cage in Fig. 2 that witl: = 2 (29% of the run-time complexity
be shared between users. That is, the true constraint is on #hgy|| crosstalk cancellation) we can achieve the majority of

total complexity of crosstalk cancellation fafl users the operating points within the rate region.
n In Fig. 3 the achievable rate regions of the different partial
ZZMH < K (N +1) cancellation algorithms are compared for= 2. Note the

nok considerably larger rate region which is achieved by exploiting

This would typically be the case when DSL services afgoth space and frequency-selectivity with Alg. 3.

deployed from an optical network unit (ONU). Then all DSL To give an example of the performance gains achieved using
lines will be served from a single DSLAM which may centraljoint tone-line selectionmagine that we have a desired rate
ize crosstalk cancellation into a single module. The availabd¢ 4 Mbps for the far-end (1200m) lines. The rates that can
complexity can then be divided between users based on @earachieved for the near-end lines under the different schemes
desired rates for each. Denote the number of mults./DM3re then listed in Table Il. Note that by usifmjnt line-tone

block allocated to usen asx,, then selectionwe can achieve 99% of the data-rate achieved using
B KN B Full Crosstalk Cancellation with only 29% of the run-time
fin = kncK (N +1)  s.t. Z“n =1 complexity. Also note the significant gains ffint line-tone
n

selectionover line selection onlyor tone selection onlyThis
Here u,, is a parameter which determines the proportion afemonstrates the importance of exploiting both the space and
computing resources allocated to userThis allows us to frequency selectivity of the crosstalk channels.
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Scheme Init. Complexity (Mults.) [ N =7, K = 4096
Line Selection Only KN 29x103
Tone Selection Only| K(N +5) 49% 103 Scheme Far-end Rate] Nearend Rate
; ; 3 No Cancellation 0.1 Mbps 22 Mbps
Joint Selection SK(N +1) 98x10 Line Selection Only 4.0 Mbps 24 Mbps
Tone Selection Only 4.0 Mbps 42 Mbps
TABLE | JointLine-Tone Selection| 4.0 Mbps 71 Mbps
INITIALIZATION COMPLEXITY OF PARTIAL CANCELLATION ALGORITHMS Full Cancellation 4.0 Mbps 72 Mbps
TABLE I

RATES ACHIEVED UNDER DIFFERENTPARTIAL CANCELLATION SCHEMES

XIl. CONCLUSIONS

Crosstalk ighelimiting factor in VDSL performance. Many
crosstalk cancellation techniques have been proposed and
these lead to significant performance gains. Unfortunately full
crosstalk cancellation has a high run-time complexity and this -z
grows rapidly with the number of users in a binder. e
Crosstalk channels in the DSL environment exhibit both ~ -ssf.— "4 .
space and frequency-selectivity. The majority of the effects z
of crosstalk are limited to a small number of crosstalkers z-4o
and tones. Partial crosstalk cancellation exploits this by only ;:3
performing crosstalk cancellation on the tones and lines where -4 1
it gives the most benefit. This allows it to give close to the ©
performance of full crosstalk cancellation with considerably  -so : ~ 1
reduced run-time complexity.
In this paper we presented several partial crosstalk cancel- -55; ; . . . 1‘0 T
lation algorithms for upstream transmission. A simple joint Frequency (MHz)
line-tone selection algorithm (Alg. 3) was presented which
can achieve 99% of the performance of full cancellation with Fig. 1. FEXT Transfer Functions for 0.5 mm British Telecom Cable
only 29% of the run-time complexity.
Whilst this paper has focused on crosstalk cancellation in
VDSL the techniques here are also applicable to MIMO-
CDMA systems. Taking into account the processing gain, the
interference path typically has 15-20 dB more attenuationthan | ___~~~~~~~~~ _______ FullCancellation
the main path. Hence the MIMO-CDMA channel is column-
wise diagonal dominant and the partial crosstalk cancellation
techniques developed here can be directly applied.
Interesting areas for future work include partial crosstalk
pre-compensation (for downstream transmission), and combi-
nations of partial cancellation with dynamic spectrum man-
agement.
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