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Abstract— Crosstalk is a serious problem in next-generation show, certain properties of the DSL channel ensure that this
DSL systems such as VDSL. Several non-linear crosstalk cancel-simple, linear structure achieves near-optimal performance. We
ers and pre-compensators have been proposed to address th'sdevelop a bound which ensures that in 99% of DSL channels,

Unfortunately they all suffer from high complexity, DFE error . - :
propagation and/or require modification of CPE. In this paper we the linear ZF canceler achieves at least 97% of the capacity.

propose the use of a simple lineazero-forcing crosstalk canceler
in upstream transmission and a simple linear diagonalizing Il. SYsTEM MODEL
crosstalk precodein downstream transmission. Assuming that the modems are synchronized disdrete

Certain properties of DSL channels ensure that these simple - . .
linear designs lead to near-optimal performance. We formulate Multi-tone (DMT) modulation is employed we can model

a bound on the performance of these schemes and show that intransmission independently on each tone

99% of upstream DSL channels the linear zero-forcing canceler

achieves 97% of the theoretical channel capacity. Similarly in yi = Higxp + 2 (1)
99% of downstream DSL channels the linear diagonalizing ) ) )
precoder achieves 91% of the theoretical channel capacity. The vectorx;, £ [z}, - -,z | contains transmitted signals on

tone k. There areN lines in the binder anct} is the signal
|. INTRODUCTION transmitted onto linen at tonek. y, and z, have similar
Next generation DSL systems such as VDSL aim at prétructuresyy is the vector of received signals on tohez
viding extremely high data-rates, up to 52 Mbps in this the vector of additive noise on torkeand contains thermal
downstream. Such high data rates are supported by operaﬁﬂgfe, alien crosstalk, RFI etc. The tone index:ignd lies
over short loop lengths and transmitting in frequencies W the rangel... K. We assume that the noise is spatially
to 12 MHz. Unfortunately, the use of such high frequencyhite such that {z,z}'} = o71y. H}, is the N x N channel
ranges causes significant electromagnetic coupling betwesmsfer matrix on tone:. h"™ = [H,], ., is the channel
neighbouring twisted pairs within a binder group. This codfrom TX m to RX n on tonek. The diagonal elements &,
pling creates interference, referred to @ssstalk between contain the direct-channels whilst the off-diagonal elements
the systems operating within a binder. Over short loop lengtbsntain the crosstalk channels. We denote the transmit PSD
crosstalk is typically 10-15 dB larger than the backgrounof usern on tonek assy £ € {|z7|?}.
noise and ighe dominant source of performance degradation. In upstream(US) transmission the receiver modems are co-
In upstream communications the receiving modems are doeated. As a resulH;, is column-wise diagonally dominant
located at thecentral office(CO) or at anoptical network (CWDD). This means that on each columnkf, the diagonal
unit (ONU) located at the end of the street. This allows joirglement has the largest magnitude
reception of the signals transmitted on the different lines,
, Vm#n (2)

thereby enablingrosstalk cancellation R > Ryt
Numerous techniques have been proposed for crosstﬂlfe - L ;
. . physical reason for this is that the crosstalk signal must
cancellation, see e.g. [1]. Whilst these schemes lead to lal Spagate through the full length of the disturber's line, as
picted in Fig. 1. This together with the attenuation which

performance gains they are unfortunately non-linear whi
results in high run-time complexities. Furthermore the use sults from shielding between twisted pairs ensures CWDD
P'Hk. We can measure the degree of CWDD with

decision feedback can cause problems with error propagati%
Existing crosstalk cancelers are typically based on tech-

nigues borrowed from the wireless field. For example the so- mn non

calledvectored receiveproposed in [1] has an identical struc- ™| < aw [hy"], Ym #n ®)

ture to the wirelessertical BLASTreceiver. DSL channels Note that receivers must be co-located for crosstalk cancella-

have special properties not present in wireless channels whigy to be possible since it relies on joint detection. CWDD

can be exploited to simplify crosstalk canceler design.  has peen verified through extensive measurement campaigns

In this paper we present a simple lineaero forcing of real binders. In 99% of linea;, is bounded
(ZF) crosstalk canceler. This structure has a low complexity

and suffers no problems with error propagation. As we will ap < Keoxo fuV] (4)

This work was carried out in the frame of IUAP P5/Z%namical Systems \where K. — _99 B. [ is the line lenath in kilometer
and Control: Computation, Identification and Modellimgnd P5/11 Mobile g e -fextth f 5 dB, I Stt e@ .e I\?Hth 0 Ot e.te ls’
multimedia communication systems and netwotke Concerted Research @Nd fx is the frequency on toné in z[2]. On typica

Action GOA-MEFISTO-666 Mathematical Engineering for Information and lines «y, is less than -11.3 dB. We will show later on that

nglfmlmticaﬁon ﬁ)ﬁte”g TleCh”O'K?@WTd SNOL'DTT Fr’]foifcﬁ.gu?/'gﬂf"pns.fog CWDD ensures that the channel matrix is well conditioned.
X nteroperability, Deployment an ew Technologi rojec . -
G.0196.02,Design of efficient communication techniques for wireless timt;.ljhls ensures that ZF crosstalk cancelers do not cause noise

dispersive multi-user MIMO systerasd was sponsored by Alcatel-Bell. enhancement.
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CO/ONU

h CP1 The CWDD ofH;, ensures that its columns are approximately
. ﬁ orthogonal. As a result we can closely approximsig ~ Iy
B which implies that

/h/21 CP2
N m A
SinceUy, is orthonormal it will not cause noise enhancement.

Fig. 1. Column-wise Diagonal Dominan¢&::| > |hot | FurthermoreA ! is diagonal so it scales the noise and signal
powers equally. As a result, due to the CWDDH, filtering
the received signal with the matrB{,! does not cause noise
enhancement. This allows the linear ZF canceler to achieve
near-optimal performance in DSL channels. This observation

We will start by considering the theoretically achievablés made more rigorous in the following theorem.
channel capacity. A word on notation: we ys¢to denote the ~ Theorem 2:The data-rate achieved by the linear ZF
absolute value of, whilst det(X) denotes the determinant ofcrosstalk canceler can be lower bounded
the matrixX. n o m 2 ] 1

Theorem 1:The theoretically achievable capacity for user — Ck.zt = log, (1 o sk T, O‘k)) (6)
n on tonek can be upper bounded

IIl. THEORETICAL CAPACITY

where

i opt < logy (1 + Jk—2sz \h:n|2 L1+ (N - 1)(1%]) (5) . Ag\.;;l) 2 Br(njg;l) 2
f(N,ay) = ™ + (N —-1) - (7)

whereT" is the SNR-gap to capacity and is a function of the
target BER, noise margin and coding gain.
Proof: Let us start by considering the so-callsithgle-

min min

and

user boundwhich is the capacity achieved when only one AN 1 (i—1)a 1
user (customer premises modem) transmits and all receivers I(n](}“)( = H - (8)
: B a (-1 0
(CO modems) are used to detect that user. The single-user max i=1
bound can be achieved by detecting a user lastdnczessive N
interference cancellatiorstructure[1]. Using the single-user (N) a , (i—1)
bound the maximum achievable capacity of useon tone Apin =1 - Za(’ — 1) Brax ©)
. i=1
ks . PR Proof: See Appendix I. n
Clopt = 1082 (1 + 0y “spl Hthg) In practice we will use this bound to show, in the section VI,
that in 99% of DSL channels the linear ZF canceler achieves
whereh? £ [Hy]_,,,,- Now using (3) we can bound 97% of the theoretical channel capacity.
n|2 n,n|2 i -
b )5 < R "7 [1+ (N = 1)og] V. DATA-RATE WITH THE LINEAR DIAGONAL PRECODER

(DOWNSTREAM)

which leads to (5). B |n downstrean(DS) communications the receiving modems
Examining (5) we can see that due to CWDD very littlgeside within differentcustomer premiseéCP) so crosstalk
increase can be made in tiseynal powerby using multiple cancellation is not possible. However since the transmitting
receivers(RX) in the detection of usen. This is the case modems are co-located at the CO it is possible to do transmis-
since the channel fronransmitter (TX) n to RX m is so  sjon in a joint fashion. This allows some pre-distortion to be
much weaker than the direct channel from TiXto RX n. introduced into the signals on the different lines before trans-
There is no equivalent tepace diversityn wireline channels. mjssion. This pre-distortion is designed to destructively inter-
This does not mean that using co-ordinated reception figre with the crosstalk introduced in the binder, a technique
pointless however. Instead the benefit comes primarily frormown ascrosstalk ensationSeveral non-linear techniques
the ability to do crosstalk cancellation. That is, co-ordinateghve been proposed for crosstalk precoding. The technique
reception does not increase signal power in DSL channels, fu{1] is based on thdomlinson-Harashimgrecoder. Whilst

rather decreasesterference power this leads to large performance gains it requires modification
of customer premises equipmd@PE). This is difficult due to
IV. DATA-RATE WITH THE LINEAR ZF CANCELER the millions of CPEs already deployed, all owned and operated
(UPSTREAM) by different customers. For this reason precoders which only
The linear ZF canceler forms an estimate of the transmittggduire modification of CO equipment are preferable.
vector In [3] we described a lineadiagonalizing precode(DP)

which does not require modification of CPE. The precoder
operates by pre-filtering the true symbols on each tone with a
matrix P, prior to transmission such that

This completely inverts the transmission channel, removing
interference completely. Consider tangular value decom-
position (SVD) of Hy, Herex; denotes the vector of true symbols on tdnewhilst

d x;. denotes the ensated symbols that are actually transmitted.
H, ™ UA VE The precoding matrix is defined

N 1
X = H 'y

X = PrXy



T T T T
— No Cancellation

1
A —1 3 1,1 N,N
Pk = fHk dlag{hk, yeeey hk } (10) 60 —— ZF Lower Bound |
B o ZF
—+— Optimal (Theoretical Capacity)

where
B = max H {H;ldiag{hi’l, ce h,iV’N}} ol

In DS transmission the DSL channel new-wise diagonally
dominant(RWDD) and satisfies

|he™ | < ou [h"|, Ym #n 12) 20

Interestingly the DP also achieves near-optimal performan
and obeys the same bound as the linear ZF canceler.
Theorem 3:The data-rate achieved by the linear diagona

11)
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Proof: See Appendix 1. m Fo 2. Upstream Data-rate Achieved with ZF Canceler and Lower Bound
VI. PERFORMANCE 100 : ‘
i i H - — No Precompensation

In this section we evaluate the performance of the linearz | & % DP Lower Bound |
canceler through simulation of a binder of 8 VDSL lines. - @ o DP 4 4
of the lines have lengths of 600 m. whilst the other 4 hax 8o —+ Optimal (Theoretical Capacity) |
lengths of L m. The performance is shown for a range of lini_ b
lengths L. 2

The lines have diameters of 0.5mm. Each modem has£ o
coding gain of 3 dB, a noise margin of 6 dB and a targ¢g
error probability of 10~7 or less which results iT" = 12.9
dB. The modems use 4096 tones, the 998 FDD bandplan ¢
transmit at -60 dBm/Hz. We use ETSI noise model A and tt
semi-empirical transfer functions of [2].

Shown in Fig. 2 are the data-rates achieved on ithm. 20
lines. As can be seen the linear ZF canceller has near-optir o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
performance, operating quite close to capacity. We alsoinclu  "so0 400 500 600 700 800 900 1000 1100 1200
the lower bound (6) on the performance of the linear Zr L~ Line Length (m)
canceler. As can be seen the bound is quite tight and close
to the theoretical capacity. Fig. 3. Downstream Data-rate Achieved with DP and Lower Bound

The important thing to note is that the bound depends only
on the direct channel gain and the background noise power.

Good models for both of these characteristics exist basedrhe value foraj from (4) is based on worst 1% case
on extensive measurement campaigns. Crosstalk channelsyaels. Hence for 99% of DSL lines; will be smaller.

the other hand are much more poorly understood and actEalamining the lower bound allows us to conclude that for
channels can deviate significantly from the few empiric&l9% of DSL lines, the linear ZF canceler achieves 97% of
models that exist. This can make provisioning of servicele theoretical channel capacity. So whilst here we only gave
difficult. simulation results for one binder configuration, the bound

Using the bound (6) allows us to overcome this problenensures us that in all other cases the linear ZF canceller will
The bound tells us that the crosstalk channel gain is naiso give near-optimal performance.
important as long as CWDD is observed. CWDD is a well We ran similar simulations for DS transmission and exam-
understood and modeled phenomenon. As a result (6) allowsed the performance of the linear DP. Shown in Fig. 3 are
provisioning to be done in a reliable and accurate fashion. the data-rates achieved on them. lines. As can be seen the

A note of explanation may be necessary at this point. It m@P achieves near-optimal performance. We also include the
seem that CWDD allows us to easily predict (or at least bounidwer bound (13) on the performance of the DP. Examining
the crosstalk power that a RX experiences. However thi®is the lower bound assures us that for 99% of DSL lines, the
the case. The crosstalk power that a RX experiences depelsar DP achieves 91% of the theoretical channel capacity.
on the magnitude of elements alongav (notcolumn) of Hy.

This in turn depends on configuration of the other lines within VII. CONCLUSIONS

the binder which can vary dramatically from case to case.Crosstalk is a serious problem in next-generation DSL
So knowledge of the full configuration of a binder would bsystems such as VDSL. Several non-linear crosstalk cancelers
necessary to predict the performance of a single line. CWDdAhd pre-compensators have been proposed to address this.
on the other hand applies &l DSL lines when RXs are co- Unfortunately they suffer from high complexity, DFE error
located. No knowledge of the actual binder configuration fropagation and/or require modification of CPE.

necessary. Using (6) the performance of a line can be estimateth this paper we proposed the use of a simple linear ZF
using only information about the line itself. crosstalk canceler in the US and a simple linear DP in the DS.
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Due to the CWDD (RWDD) of US (DS) channels these simplgsing the fact that row permutations have no effect on the
linear designs leads to near-optimal performance in DSL. magnitude of a determinant, together with (17) and (20) yields
It was shown that in 99% of US DSL channels the linear

ZF canceler achieves 97% of the theoretical channel capacity. det( AN+ < AN L o NBW)
Similarly in 99% of DS DSL channels the linear DP achieves
91% of the theoretical channel capacity. hence
AN = AN + aNBE), (22)
APPENDIX | We now turn our attention to finding bounds for apy +
SUB-OPTIMALITY BOUND FORLINEAR ZF CANCELLER 1) x (N + 1) matrix of the formB®+1) . Consider
We will make use of the following theorem in our proof. b
Theorem 4:Consider anyN x N matrix AM) 2 [a,, ] LN+
which satisfiess, ,, = 1, ¥n and B+ _ c :
lanm| < o, Yn £m (14) bn.N+1
' bnvy11 o ONyiN bt N+t
and anyN x N matrix BN £ [p, ..] which satisfies,, , = _
1,Vn < N and ’ ’ where theN x N matrix CN) 2 [¢, ], ¢on = 1, Vo and
lby.n| < a (15) lenm| < a, Vn # m. Expanding the determinant along the

last row of B+ yields

|det(BNVFD)|
|bN+1 N1 det(CI)

T My det ([ T by )]

[bm| < a, Yn #m (16)

The magnitude of the determinants Af™) andB(") can be
bounded as follows

’det(A(N))’ < AW 17)

max (23)
‘det(A(N))’ > AW (18) WhereC |s the sub-matrix formed by removing column
m from C( andbyy1 2 [byny1---byny1]T. Note that
‘det(B(N))’ < BWN) (19) CW)is of the formA(") hence from (17)

max

(N)
where ALY, BXY) and AY) are defined in (8) and (9). ‘det )‘ =4

Proof: We use proof by induction. We start by assumin
that the bounds (17), (182 and (19) hold for aMyk N matrices
of the form A (Y) andB ) for some specific value a¥. Now ‘det ( [ ™ D’ < BW)
consider any(N + 1) x (N + 1) matrix of the formA (N+1) m m N+1 max

th a similar fashion to (21) it can be shown that

Using the fact that row permutations have no effect on the

a
AN 1’]_“1 magnitude of the determinant, together with (15), (16) and
AN+ _ : (23) yields
AN,N+1
GN+1,1 - ON+1,N 1 ‘det N“))‘ < aA —|— aNBI(IfYD)(
We're interested in finding bounds for the determinant ‘?{ence
AN+ If we expand the determinant along the last row o BW+1) _ A( ) + aNBW) (24)
AN+ jt can be seen that max max max
|det(A(N+1))| Combining (22) and (24) in matrix form yields
’det (A ANHD 1 aN AR
LY Tt ([ 50 an ]) s | =la V|| @
M+ Snara et ([ E ave ])
< |det(AM)| + 37— a |det A" ant Now observe tha () =1 andB(") = a;; <  s0 (17) and

) . _ . (20) (19) hold for N = 1. Hence through induction we see that
where A" is the sub-matrix formed by removing column(17) and (19) hold for allV. This concludes the proof for the
m from AW) and a1 £ [a1n41...anvni1)”. Weve upper bounds (17) and (19). We now turn our attention to the
exploited the fact that row permutation does not affect tHewer bound (18). Assume that is small enough such that
magnitude of a determinant, and we use (14) in the third line.

. . . N
Define the permutation matrix —m ——(N
P [det(AM)| = |37 (~1)Y a1 det (A aa))

m=1

I, = e en_1€mntl---eN €]

wheree,, is defined as thenth column of theN x N identity This is a necessary condition for our lower bound to hold.
matrix. Note thafiTZ [K(N) an+1] is of the formB™) hence This can be easily checked by seeing whether the resulting
from (19) meem bound A Y is positive. Using (20), (14) and (21) we have

min

‘det (Hg [ AV ann D‘ < BW) (1) ‘det(A(N“))‘ > 'det(A(N))‘ —aNBW)

max



which together with (18) yields

ADFD _ 4 _ o NBW) @6  [Hi'l,, = [des(hloomYNTG
1
Now observe thaA ) = 1 so A"} — 1 and (19) holds for = o (G (35)
N = 1. Hence through induction we see that (26) holds for k ’

all N. This concludes the proof for the lower bound (1M. SinceG,. is of the form A )we can use theorem 5 to bound
The following theorem will also prove useful.

n,n —1 (N-1 N
Theorem 5:Consider anyN x N matrix G of the form ’[H‘l] ‘ < I Al D /AL n=m
AN, The magnitude of the elements@f~! can be bounded ko Inm IR Bl VAR £ m
AWN=1) 4 (N _ Hence
a1 < max / mln n=m 27 -1 2 n,m =2
67, < { B @ ], < 2 £V, en)

where f(N, «y) is defined as in (7). Together with (33) this

where A, Bitik and AL) are defined in (8) and (9).  yields

Proof. By definition of the matrix inverse 52 < o2 \hZ’”|‘2 F(N, o)
MG ’ — ’det @™/ |det(G))| (28) Combining this with (34) leads to (6) which concludes our
proof.
where G™" is the sub-matrix formed by removing row: APPENDIX I
and colummn from G. Now G is of the formA(Y) so from SUB-OPTIMALITY BOUND FORDIAGONALIZING PRECODER
theorem 4 N In this case the DS channel is RWDD hence we make
|det(G)| > Ar(nm) (29) a slightly different definition ofG, £ [*Z m} with g™ £

o hy™/h™. Note that each element is now d|V|ded by the
If m =nthenG""" is of the formA (¥ =1 and from theorem diagonal element on the corresponding row. This is in contrast
4 to Gy in the previous appendix where the division was done
‘d t(G™ m)‘ < AN vm (30) by the diagonal element on the corresponding column.
Since the DS channel is RWDD (12) ensures us @atis

If m # n thenlIZG™""IL,, is of the formB® -1 and from ©f the form A™). Now
theorem 4 H, = diag{h}?, ..., "N} G, (36)
‘det G™™) . = ’det(nzém’"nm)’ < BW-Y vm #£n From (10) we see that after application of the diagonalizing
31) precoder the signal at the receiver is
Combining (28), (29), (30) and (31) yields (27) which con- yi = 8y tdiag{h ' .. by N x4 2
cludes our proof. ]

Let us now return our attention to the proof of theorem Hence the received signal power for useis 3, > ™ st
Define the matrixGy 2 [g7"™"] whereg["™ £ h™ /h7™ the recelved interference is zero, and the received noise power

Since the US channel is CWDD (3) ensures us \Batis of is o?. So the data-rate achieved by the diagonalizing precoder

the form A, Now IS n 2 pnmm 2

o Godina(h LN 2 Cror = logy(1+ B 7 by | spo 2T @37

k= Grdiag{hy, ...,y } (32)  |ers examines;, more closely. From (11)

After application of the linear ZF canceler, the soft estimate 1. 1,1 NN 2
of the transmitted symbol is B = maXH[Hk diag{hy", .., }} row n ll2

n _ __ 2

Ty = [Hk 1} TOW 1 Yk = maX H |: 1:|

_ x}g n [H_l}rown - row n 112

where we use (36) in the second line. Silgg is of the form
where we use (1) in the second line. Hence the posA"Y) we can use theorem 5 to bound
cancellation signal power is;, post cancellation interference
B < (N, o)
power is zero, and the post cancellation noise power is
where f(N, «y) is defined as in (7). Combining this with (37)

52 = ¢ HH_l] zk‘ leads to (13) which concludes our proof.
k,n k lrown ©F
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