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ABSTRACT

When multiple xXDSL users coexist in the same network, et&sst

can become a major performance limiting factor, e.g. in albed
near-far scenarios. By employing multiple receiver signak. by
operating in a SIMO (Single Input Multiple Output) ratheaththe

each user to clean up the received xDSL signal, therebyiogeat
higher data rate. Since CO deployed lines can then to soneatext
mitigate the crosstalk they receive, RT deployed users tweapply
less power backoff and can thus transmit at higher data.rates

In this paper, an algorithm is presented for the optimalcaio

estimate and compensate the crosstalk more efficientiglirén-
creasing its performance. In this paper, an algorithm isgameted
for the optimal allocation of transmit power in these muisier
SIMO networks. Secondly, since transmitters are usuaihytéid
to integer bit loadings, an optimal bit allocation algorithis pre-

ondly, since transmitters are usually limited to integerdmdings,
an optimal bit allocation algorithm is presented which heesadded
advantage of being computationally more efficient than thegy
allocation algorithm.

The paper is organized as follows: section 2 introducesythe s

sented which has the added advantage of being computdiionaltem model that is used and section 3 introduces a method ffor bi

more efficient than the power allocation algorithm. The foiion
multi-tone XDSL systems, where the use of multiple tonewsithe
transmit spectra to be easily shaped and where near-farasten
frequently occur when some of the users are serviced fromteem
terminals. Simulation results show that in these cases gmowve-
ment of the data rate of 10% is possible by using existingtédis
pairs in SIMO configurations, compared to the standard SISi@-(
gle Input Single Output) configuration.

1. INTRODUCTION

To remain competitive with other emerging broadband actsss
nologies such as in cable and wireless networks, XDSL operat
must continue to improve their technologies for data trassion
over the existing telephone network. To maximize the cdpaifi
the twisted pair lines, these should be kept as short aslpjessi as
to minimize the effect of attenuation. Therefore, xDSL nativs are
gradually extended by deploying high data rate connecframs re-
mote terminals (RT'’s) close to the end-users. Lines depldy@n

an RT can share the same binder as lines deployed from thecent

office (CO) for which a lower data rate is acceptable. Thisy-ho
ever, creates a so-called near-far problem. At the pointrevtiee
RT deployed lines enter the binder, the signals on the CCQogtedl
lines have already traveled some distance and are atteh&tteng
transmit signals on the RT lines then cause crosstalk aremte on
the CO lines that can sometimes completely overpower thieedes
signal. This far-end crosstalk (FEXT) is a major performahim-
iting factor.

In typical xDSL networks, the last section of the twistedrpai
is laid out in a loop, going from the cabinet to the end of theett
and then returning to the cabinet. When users are insertedirch
a twisted pair loop, they are actually connected twice toxiD8L
network. Only one of the two resulting twisted pair connect
is used to transmit data, preferably the shortest connesticas to
maximize the achievable data rate. Many of these connexcsioare
the same binder, resulting in a multi-user SISO (Single ti§ngle
Output) transmission system. An example is shown in figuag, 1(
where a near-far scenario creates considerable crossiatkeocCO
deployed line. In such a scenario, the RT deployed user hag-to

loading in multi-user SIMO networks. Sections 4 and 5 thesspnt

a method for optimal power and optimal bit allocation in mulkser
SIMO networks. Section 6 presents some simulation results a
section 7 concludes the paper. In the Appendix, proofs age pr
sented for a number of theorems.

2. SYSTEM MODEL

Most current DSL systems use Discrete Multi-Tone (DMT) mod-
ulation. The available frequency band is divided in a nunddfer
parallel subchannels or tones. When we assume that all instes
network are synchronized, each tone can be treated indeptyd
from other tones, and so the transmit power and the numbeitf b
can be assigned individually for each tone. This gives ael#exi-
bility in optimally shaping the transmit spectra.

Synchronized transmission for a binderisers can be mod-
elled on each tonk by

yk = Hyxg + 2k k=1...K. 1)

The vectorx = [x¢,x2,...,x)]T contains the transmitted signals
on tonek for all N users. Hy is anN x N block matrix where
each block elemenfHji j = hy! = b (1),.... b (N]T with |
the number of receivers of useris a vector containing the chan-
nel coefficient of the transmitter of us¢rno each of the receivers
of useri. [z]; = z is the block vector of additive noise on toke
containing thermal noise, alien crosstalk, RFI (radio frexcy in-
terference),.. ., where each block elemejt= [zl (1),..., 2 ()]
contains the additive noise on the receivers of usefhe block
vectoryy contains the received symbols where each block element
[yuli = [yL(l),..._,yL(l)]T is a vector with the received signals at
each of the receivers of user

We denote the transmit power g2 A;E{|x]|?}, the posi-

tive definite noise covariance matrix 2 = AtE{zlz["}. The
vector containing the transmit power of useron all tones is

s"2 [s],s),...,s%]T. The DMT symbol rate is denoted ds the

ply some power backoff in order to protect the CO deployed,use tone spacing aA;.

thereby limiting its data rate.

Itis assumed that each user treats interference from otegsu

Figure 1(b) shows a multi-user SIMO extension, where araextr as noise. When the number of interfering users is large, ihe i

signal is used from the twisted pair that does not carry sstratted
signal. The extra signal can be used to estimate the crksbttlis
present on the twisted pair carrying the xDSL signal. Thisves
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terference is well approximated by a Gaussian distributidn-
der this assumption and under optimal receiver processimg,
achievable bit rate of usear on tonek, given the transmit spectra
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of all users in the system, is
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H
bR = log, det| I+ = h " (NE+§h qih”’) :
j#n
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updated transmit powef& + 1) cannot increase. Vice versa, when

the transmit powers|i$t)7 j # n are increased, the updated transmit
power §(t+ 1) cannot decrease.

Intuitively, when some of the other users decrease thaistra
mit power, the crosstalk on the user under considerationedses

wherel” denotes the SNR-gap to capacity, which is a function of theand thus this user can decrease its transmit power andctithze

desired BER, the coding gain and noise margin. The data rate a
total power for usen are
= Zgﬂ

W:EZ¢

and

®)

respectively.

3. MULTI-USER BIT LOADING

Formula (2) provides a relation between the transmit powedsbit
rates. Given the transmit powessi = 1...N of all the users it can
be used to calculate the achievable bit rates. In practieeter, it
will be more interesting to be able to calculate the requiradsmit
powers for all the users, given the bit ratgigi = 1...N. In this
section a procedure is given to calculate these transmiemow

Using the property déf +xy™) = 1+ y"x, (2) can be trans-
formed into:

-1
H
bR =log, | 1+ = s{gh””” (Nk ghnlsg(h”'> hy"

4)

Given the bit ratedy, this leads a nonlinear system of equations

that can be solved for the transmit powesbi =1...N, with for
each user an equation of the form:

r(2%-1) = qnp™ (Nk—i—;hn’q’(h”JH)lhE'”. ®)

An iterative procedure is now proposed where each user leddsu
an update of its required transmit power based on the transw-

ersqi(t) of the previous iteration:
St+1) =

{r (2% —1) (h” " (N4 5 b SR )71h’k‘~”) 1} ’
(6)

where [X|T = maxx,0). Starting from a specific initialization,
this iterative procedure will provide a monotonically deasing se-
quence of transmit powers, converging to a unique solusmwill
be detailed next.

Theorem 1 (Initialization). The SISO power loading, where each
user only uses one of its receiver signals, provides an uppend
for the solution of (5).

Intuitively, since optimal receiver processing can alwelysose
to ignore all but one of its receiver signals, the SIMO caserever

the same bit rate. A formal proof of this theorem is given in-Ap
pendix A2. Iterating formula (6), when initialized with tIf&SO
solution, thus results in a decreasing series of transmieps that
leads to a stationary point of the nonlinear system of eqoat(5).
Convergence is guaranteed since the transmit powers cdmenot
come negative.

Theorem 3 (Uniqueness) The nonlinear system of equations (5)
has a unique solution.

A formal proof of this theorem is given in Appendix A3. As a
consequence, each bit loading corresponds to a unique poagr
ing and vice versa. A summary of the resulting procedure to ca
culate the power loading corresponding to a given bit logdm
outlined in Algorithm 1.

Algorithm 1 Multi-user bit loading

t =1,5)(t) = SISO solution
whiles),n=1...N not convergedio
t=t+1
for all usersn=1...N do
calculates](t) with eq (6), based oqi t—1
end for
end while

), J#n

4. OPTIMAL SPECTRUM BALANCING

The Optimal Spectrum Balancing (OSB) algorithm [1] tackiies
spectrum management problem by formulating spectrum nenag
ment as an optimization problem. The objective is to maxintie
data rate of the whole binder, subject to a number of comgtrai

First, there is atotal power constraint P! for each user
n=1...N, indicating that the user’s total power should not exceed
the maximum allowed total transmit power. On top of this ¢raiat

there is aspectral mask constraln%I 2350 each tone to guarantee

electromagnetlc compatibility with other systems. Sedpritiere

is arate constraint R'2"9 for each user. The rate constraint indi-

cates a minimum target data rate required by the user.
Mathematically, the optimization problem is expressed as a

maximization of the sum of the data rates of the ufssubject to

the power and rate constraints [1]:

maximize: z ne

subjectto P < Pt n=1...N %
0< nmask 1. N,k=1...K
Rn>Rntarget nle

It is observed that (7) is a non-convex problem. Finding the

require more transmit power than the SISO case to transmait thglobal optimum requires an exhaustive search over all ptEssbm-

same number of bits. In the SISO case, (5) reduces to a ligear s
tem of equations that can be easily solved [1]. Reducing tR&ES
case to a SISO case by arbitrarily selecting one of the receig-
nals for each of the users thus leads to a bit loading problern t
will result in a power loading that is an upper bound for thevpo
loading in the SIMO case. Using this upper bound in formula (6
results in updated power levedd(t + 1) that can never increase. A
formal proof of this theorem is given in Appendix Al.

Theorem 2 (lteration) Update formula (6) exhibits monotonic be-

haviour: when the transmit poweré(s)J # n are decreased, the

binations of transmit spectra. Because the objective fonés$ cou-

pled over the users and some of the constraints couple tiéepno
over the tones, this results in an exponential complexitydth the

number of userl and the number of tonds.

In (7) the optimization is carried out over the transmit powe
levels of all the users. This procedure is also referred tpaser
loading’. Alternatively, the optimization can be carriegt@ver the
number of bits transmitted by each user and is then refeoexbt
‘bit loading’.

OSB uses the dual decomposition technique to make the com-
plexity linear in the number of tone§. The constraints coupled
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over the tones are moved into the objective function by usiag
grange multiplierso = [w;...an]T andA = [A1.. . AN]T:

5.2 Bit loading

To determine the optimal bit loading, an exhaustive seaveh all
possible bit allocations is performed. The objective fiorcbn tone
ont ont N . N ( ot K SL‘) kis now N

s'P or b = argmaxy anR"+ Y Ap(PM— (8) )
sorb n; n; kZl objk(bk) = Z
n=1

N
wnfsbf — 3 Ansi(by). (11)
n=1

where the transmit powes(by) corresponding to a bit allocation

by has to be determined using Algorithm 1 from section 3. This

objective function is then evaluated for all possible camalions of

bit loadings for the users. Each user can select a bit lodgirg2,

In the first term of the objective function, the's weigh the rate where % represents the set of allowed bit loadings. With a@et

sum over the users. Some users can be given priority over othg cardinalityB, this exhaustive search procedure requBlseval-

users such that by allocating the proper weights, the ratstraints  yations of the objective function to find the optimal bit lozgifor

can be satisfied. Similarlj\’s represent costs for power. A larger tonek, that is, the bit loading that maximizes the objective fiowt

An yesults in less power allocated to .theth user. Again, allo- In practice, xDSL modems can load up to 15 bits on a tone

cating proper costs for power results in enforcing the tptalker  [3][4][5]. The cardinality B of the search domain for bit loading

constraints. Finding the Lagrange multipliers that endattie con-  is"thus' significantly smaller than the cardinal/of the search

straints is a convex problem and can be solved by using aadbgr domain for power loading. Performing exhaustive bit loadis

ent type of search method [2]. therefore significantly faster than exhaustive power Ingdieven
For fixed Lagrange multiplierso and A, (8) is reduced to an  with a more complex objective function.

optimization of a sum over tones, which can be performed liy op

ask

subjectto  O< g < g
An>0,0n >

n=1...N
>0 n=1...N

mizing each tone individually:

N
fork=1...K:sg” or bp™ = argmaxy
sk Or bk n=1

N
whRE — Zl)‘n§2 ©)

subjectto  0< ) < skn’maSk n
A>20tn>0 n

1...N
1...N

Due to this decoupling of the spectrum management problesn ov

the tones, the complexity of solving the problem becomessatirin

the number of toneK instead of exponential. This is a significant

reduction since in xDSL typically a large number of tonessedl
The per-tone optimization problem in (9) is still a non-cexv
problem. This problem is discussed in section 5.

5. EXHAUSTIVE SEARCH

One way to solve the per-tone optimization problem is to esha
tively search over all possible loadings and choose thergathat
maximizes (9) for a specific tone.
proaches, namely an exhaustive search over the power fyadind
an exhaustive search over the bit loadings.

5.1 Power loading

To determine the optimal power loading, an exhaustive seaver
all possible power loadings is performed. Applying (2) thrgsults
in objective function (10) on tonk.  This objective function is
then evaluated for all possible combinations of transmitgrs for
the users. Each user can select a transmit pmﬁ/e}ﬂ, where
. represents a discretized set of transmit powers chosentlger

domain|0...s2™K. With a sets of cardinality$, this exhaustive

search procedure requir&® evaluations of the objective function
to find the optimal transmit powers for tokethat is, the transmit
powers that maximize the objective function.

There are two possible ap-

6. SIMULATION RESULTS

In this section, the performance of a 2-user SISO and SIM@&Bys
is compared. The scenario that is considered is shown inefijur
one user is serviced by a 4000m CO line, the other by a 1000m
RT line. In the SIMO case, both users have an extra receiver on
the second twisted pair of their local loop. These twisteidspare
deployed from the remote terminal and are respectively &b80d
1200m long.

Downstream ADSL2+ transmission is considered over the
shortest pair in the local loop. A line diameter of 0.5mm (24 @)
is used and the maximum total transmit power is 20.4 dBm. The
SNR gaprl is set to 12.9 dB. The tone spacidd = 4.3125 kHz
and the DMT symbol ratés = 4 kHz.

Cco
1000n
RT

(a) SISO network

4000n

3500

L]

’C_—O} 4000m [ ]
L 150am >
3500m ’:} 1000m [ ]
il L 1200m >

(b) SIMO network

Figure 1: SISO (a) and SIMO (b) scenario

Figure 2 shows the rate region for both the SISO and SIMO
case. Looking at the operating point where the CO deployed us
transmits at a data rate of 3 Mbps, the RT deployed user casriria
at a rate of 27.5 Mbps in the SISO case, whereas in the SIMO case
this is 30 Mbps, i.e. an increase of 9%. Vice versa, if the daia

In practice, the transmit power of xDSL modems can be con-of the RT deployed user is kept at 30 Mbps, the CO deployed user

figured with an accuracy of 0.1 dBm/Hz [3][4][5]. A typicaltse’
then has a cardinalitg of more than 500.

can transmit at 2 Mbps in the SISO case and 2.9 Mbps in the SIMO
case, i.e. an increase of 45%.
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mit powers for a given bit loading. The resulting optimallbéding

o i i i i i L procedure is not only computationally more efficient thatiropl

0 05 D o e, datarate [ﬁlfpsl 3 35 *  power loading, it is also more relevant in practice since k@ns-
mitters are usually restricted to integer bit loadings.

Finally, the simulation results showed that the use of SIMO r
ceivers in the xDSL network can lead to significant perforogn
improvements in cases where crosstalk would otherwise leita |
ing factor.

Figure 2: Rate regions for the scenarios in figure 1

Power loading

APPENDIX

Al. Proof theorem 1

| Theorem (Initialization). The SISO power loading, where each
= user only uses one of its receiver signals, provides an uppend
-eor ' ‘ —SOe for the solution of (5).

wmm RT line SIMO
RT line SISO

B0 e e 22 0 Proof. In the SISO case, update formula (6) reduces to a scalar
equation of the form

Figure 3: Transmit PSD’s; CO line @ 3 Mbps. N
-1

St+1)= [T (2b" - 1) a*(a) ta . (12)
Figure 3 shows a comparison of the transmit PSD’s when the fsiso

CO deployed user is transmitting at 3 Mbps. These PSD’s were

obtained using the power loading method described in sedio with a the channel transfer coefficient aadhe total noise power,

with a sets” of cardinality 100, equally spaced in dBm/Hz between including crosstalk from other users. In the SIMO case witle-2

-100 dBm/Hz and the spectral mask. To allow the CO deployed us ceivers (without loss of generality) the equation is of therf

to transmit at this data rate, the RT deployed user has ty aopl-

siderable power backoff in the SISO case. It can only alké&06 14+

of its available power budget in order to sufficiently pratéee CO

deployed user. In the SIMO case, the RT deployed user can allo b o] @a b 1r g

cate 85% of its available power budget. In the range from oHeM S (t+1) = [T (2 —1) [a*B"] { b* ¢ } { B }

to 0.55 MHz, the RT deployed user can now transmit at the spec-

tral mask since the CO deployed user can use its multiplévece fsimo

signals to reduce the effect of the crosstalk. (13)
Figure 4 shows the result when the bit loading procedure®f se In this case there is a second channel transfer coeffifiemtd the

tion 5 is applied, where in the exhaustive search integdoaitings  total noise is characterized by a positive definite Hermitiaise co-

from 0 to 24 are evaluated. For both the SISO and SIMO case, theéariance matrix, whera s the total noise power at the first receiver

CO deployed user is transmitting a 2.9 Mbps. In the SISO caseand equal to the noise power in the SISO case if the transmitfzo

the RT deployed user can achieve a data rate of 28.3 Mbps whilef all the users are kept the sanueis the total noise power at the

using 50% of the available power budget. In the SIMO caseRthe second receiver anilis the correlation between the noise signals.

deployed user can use 80% of its available power budgetingad X* denotes the complex conjugatexof

to an increased data rate of 31.1 Mbps. Averaged over theusxha For the SISO case, a stationary point can be easily calcllate

tive search, Algorithm 1 required only 2 iterations to cageewhen by solving a linear system of equations. By showing that s t

calculating the required transmit powers for a given bitliog. stationary pointfgimo > fsiso, the updated transmit powers for the

SIMO case will not increase:

7. CONCLUSION

In thi Igorithm for th timal allocati f d ] oo =2 fSZISO

n this paper, an algorithm for the optimal allocation of gavan 02— __ _og 2_a N

bits in multi-user SIMO xDSL networks has been presented- Op ac—[bf? Bace +P acp — a (14)
timal power allocation can be performed based on the weliwno (afb|-Ba)® > 0

capacity formula for SIMO systems. For optimal multi-uséra-

location, an algorithm was presented to calculate the reduians- a
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A2. Proof theorem 2

Theorem (lteration) Update formula (6) exhibits monotonic be-
haviour: when the transmit powers(s), j # n are decreased, the
updated transmit powef'& + 1) cannot increase. Vice versa, when

the transmit powersj$t), j # n are increased, the updated transmit
power §(t + 1) cannot decrease.

Proof. Consider the case where one of the original transmit power
¢ (t) is changed with an amouAs (t). Update formula (6) can then
be written as"(t +1) =

[r (-1 (h”'r“H (N o pn) 71h“7”) o

(15)
with N =N"+ 5, h™s) (t)h“vlH the original total noise. Us-
ing the matrix inversion lemma this becomes the scalar émuat
(16). It follows that ifAs'(t) > O (transmit power increases), the
transmit powes(t + 1) also increases.

The termh™ " N"~1hM can be further decomposed as
hn,iHN/nflhn,i — hn,iH (N//n + hn,isi (t)hn,iH) 7lhn,i. (17)
Using the matrix inversion lemma this becomes scalar:

hn,iHN//nflhn.i _
hni H N/ 1pni (sl (t) -1 4+ RN H N//nflhn,i> -1 hni H N/ 1pni

hni H N//nflhn‘i
- h”‘iHN””’lh”‘i§(t)+1
< hn.iHNunflhn.i 1
= hnA;.HNunflhnAig‘(t) IO
= B[]

(18)
where the last inequality follows from the fact that transpawers

are not negative and thus a power decrease cannot be lagger th

the current power level. Applying this to equation (16) itidavs
that if As'(t) < 0 and|AS(t)| < §(t) (transmit power decreases),
the transmit powes”(t + 1) also decreases.

The case where more than one of the original transmit power:

sl(t) is increased can be decomposed into a series of 1-user uS—

dates. In each of these updates the transmit paii@r- 1) in-
creases. When more than one of the original transmit poalérs
is decreased, decomposition leads to a series of decreastef
transmit powes(t +1). O

A3. Proof theorem 3

Lemma. To increase$by a factora > 1, at least one of the trans-
mit powers $ of the other users has to be increased by a factor
larger thana.

Proof. Equation (5) can be written as

-1

-1
d=r (zb" - 1) pnH (1+ ; finig fanH) i) o)
j#n

whereh"™ = L1 ~Th™ with N" = L"L"" is the prewhitened chan-
nel. Using the singular value decompositign.., h™!s/ hniH =
USUM this becomes

n ~ ~ -1
S=r (2b —1) ((UHh”'”)H (I+S)’1UHh”=”) (20)
gvhereS is diagonal with nonnegative elements.

If all transmit powerssi are multiplied by a factonr > 1, U is
unchanged an8 is multiplied bya. Writing this as

S'=ar <2b” - 1) ((UHB”=”)H (é +S) 1UHB”~“>

it follows thats” is increased by a factor smaller than Or, one
way to increase” by a factora, is to increase all transmit powers
s! by a factor larger thaw.

More generally, to increass" by a factora, at least one of
the transmit powers! of the other users has to be increased by a
factor larger tharm. Indeed, if it where sulfficient to increase the
transmit powers! by a factor smaller thaa, these could then be
increased further until they aretimes the initial value and then due
to the monotonic behaviour described by theorens™would be
increased by a factor larger than This contradicts the observation
above that if the transmit powess are increased by a factor, s"
is increased by a factor smaller then

-1
(21)

Theorem (Uniqueness) The nonlinear system of equations (5) has
a unique solution.

Proof. Assume there are two solutioasndb for the nonlinear sys-

tem of equations (5) with= (s},3,...,sY) andb= (s}, 5,.... <))

and assume that (without loss of generality) the users atered
such thatsl /st > 1 andsl/st >= £/ >=... >= /g mean-
ing that by moving from solutiob to solutiona the transmit power
st increases the most.

This increase a$! when moving from solutiob to solutiona is
with some factor. From the lemma, it follows that at least one of
the other transmit powess has to increase with a factor larger than
a which contradicts the fact that increases most. Therefore it is

got possible to have 2 different solutions to the nonlingatesm of

guations (5). a
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