     Adaptive Spectral Optimization for Co mmunication in the

                                                                                                          Presence of Crosstalk

Nadeem Ahmed

                                                                                       Department of Electrical and Comput er Engineer ing

Rice Universit y

Houston, Texas 77251-1892

nahmed@rice. edu

Abstract

                         Digital Subscriber Line t echnology is a copp er loop transmission t echnology that solves the

bottleneck problem oft en associat ed with the last mile bet ween net wor k service providers and user of those

services. DSL achieves broadband speeds over ordinary twist ed-pair copper wir e, an important trait as it

eliminat es the need for ext ensive and expensive infrastructure upgrades[4].

                         The electrical ener gy transmitted across copper wires as modulat ed signals, radiate energy int o

adjacent wir es in t he same cable binder, an effect known as crosstalk.  Recent ly, opt imal signaling

techniques ha ve been discover ed, giving the best possible power distribution over frequency that minimizes

crosstalk int erfer ence.

                         Previous work has been done in a static envir onment, wit h a priori knowledge of ot her the

environment.  In most cases, this knowledge is not known. This paper investigates met hods of adaptive

spectral optimization, where t he frequency spectra of DSL modems are cont inually adapting as their

knowledge of their envir onment change.  Of special importance is the fact that the adaptive t echnique does

indeed converge t o the opt ima l signal spectra.

1 Introduction

                         Ther e are ma ny broadband t echniques compet ing for local loop or ’last mile’ service.  Digital

Subscriber Line (DSL) t echnology is ga ining acceptance as a viable way to meet the continually incr easing

dema nd for bandwidt h.

 DSL eliminat es the need for expensive infrastructure upgrades, which ma kes it a ver y cost effective

met hod of broadband access.  It possesses the abilit y to transfor m the nearly 700 million installed telephone

based on copper wir e, the world’s most common net work medium, int o high speed data pipes.

1.1 The Telephone Networ k

                         High capacity links exist bet ween t elephone compa ny offices due to ext ensive infrastructure

upgrades that have taken place over several decades.  Fibre optics exist in nearly every t elephone backbone

net work, while twist ed pair copper wire connect most end users to the telephone net work. The local access

net work consists of the local loops and the associated equipment connect ing the end user to the central

office.

                         One problem with local loops is that they dissipate electrical ener gy from signals as they travel

along the lengt h of the cable.  Signals typically have much lower signa l to noise ratios (SNR) the farther

along the cable they are.

                         These sa me copper wir es ha ve been used to provide high speed T1 access. Traditional T1

modulation techniques over copper is only supported over short distances.  Longer distances require

concatenation of short segments separated by repeat ers that regenerate the signa l[4].

                         The existing copper infrastructure was designed to carry voice conversations, which for adequate

fidelity, requir es lines to ha ndle fr equencies up to 3400Hz.  Analog modems running over this narrow band

of frequencies typically provide data rates ranging from 9.6 to 33.6 Kbps.

1.2 High Speed Access Using DSL

                         High frequency signals transmitt ed over metallic loops attenuate energy faster than low frequency

signals. One solut ion to this problem is to use thicker wir es, which have lower resistance and attenuate to a

lesser degr ee. However, the infrastructure is already in place and phone companies ha ve designed their

syst ems using the thinnest wir e that support the voice ser vice they int ended to provide.

                         Newe r, more advanced modulation techniques minimize t he effect of signa l attenuation.  By

encoding mor e bits per cycle of the analog wavefor m, the range of frequencies requir ed to achieve a desir ed

data rate is reduced.  Signaling t echniques such as Discret e Multit one (DMT) modulation, 2 Binary, 1

Quaternary (2B1Q) and Carrierless Amplitude and Phase (CAP) modulation are designed t o transmit

mult iple bits per signal cycle.

                         However, the current T1 carrier technology, does not meet the needs of a mass communicat ions

service because of its high cost, special requirements on t he subscribers int ernal wiring, and long,

complicated net wor k provisioning process[3].

                         For low-cost, timely provisioning of high speed service, there is a need for exist ing t elephone lines

to transport high speed data, wit hout the costly and complicated met hods used for T1 deployment.

                         DSL is ideal for this situation, as copper-based ser vices will dominat e fibr e optics for ma ny years.

DSL will ease the transition to fibr e access by accelerating the use of higher speed services.

2. Background

2.1 Terminology and Notation

                         To achieve higher transmission speeds, DSL eliminat es the 3400Hz upper bound on frequencies and

uses a much broader range t han the traditional voice channel.

                         Crosstalk is a significant problem associat ed wit h high frequencies.  The energy of the modulated

signal radiat es into adjacent copper wires in the sa me cable binder. Significant crosstalk is cr eated when

syst ems wit hin the same cable binder, transmit infor mation over the same range of frequencies.

                         Crosstalk is typically categorized in one of two for ms. Near End Crosstalk (NEXT) and Far End

Crosstalk (FEXT).  NEXT refers to int erfer ence bet ween neighboring lines that arise when signals are

transmitt ed in opposit e dir ect ions.  FEXT refers to int erfer ence bet ween neighboring lines that arises when

signals are transmitted in t he same direction.  NEXT, typically causes more int erfer ence, as FEXT is also

attenuated as the signal propagates the lengt h of the line.

                                                                                      Figure 1 : NEXT and FEXT interference between lines

                         Int erfer ence can be further subdivided int o self-int erference, and int erfer ence from ot her services.

Self-int erference refers is generated by lines carrying the sa me service, i.e. ot her DSL modems carrying the

same service.  This will be denot ed self-NEXT and self-FEXT.  Interference from ot her sources will be

denot ed DSIN-NEXT and DSIN-FEXT.

                         Channel capacity is defined as the maximum transmission rate (in bits per second) that can

transmitt ed over a channel wit h an arbitrarily small bit-error rate (BER).

                         Perfor mance margin is defined as

                         The argument of the log ter m is the ratio of the SNRs of the received signal and the minimum SNR

requir ed to achieve a given BER.  The margin is a measure of degradation that the cha nnel can sustain

befor e being unable to transmit at the given rate for a fixed BER.  The higher the perfor mance margin, the

mor e robust the cha nnel is to int erference[1].

                         The distribution of signa l ener gy over frequency  is known as the Power Spectral Densit y (PSD).

The maximum allowable PSD for a service in the presence of any int erfer ence combination is known as a

PSD mask.  The transmit spectrum for a service is the PSD of the transmitt ed signal.  The transmit spectrum

always lies below the PSD mask, when one is imposed.

2.2 Problem Definition and Signaling Sche mes

                         The general problem statement can be described as follows.  Given an arbitrary communications

cha nnel with:

            1.  Self-Int erfer ence from ot her users of ser vice A (self- NEXT ,self-FEXT).

            2.  Int erfer ence from users of ot her ser vices (DSIN-NEXT, DSIN-FEXT).

            3.  Int erfer ence from ser vice A into other services.

            4.  Other int erfer ence including noise.

                         The goal is to maximize the capacity of users using service A, while minimizing t he perfor mance

degradation of ot her services.

                         As previously ment ioned NEXT is the domina nt int erfer ence in DSL service.  A simple way to

eliminat e self-NEXT is to use orthogonal signaling.  This could be in the for m of Time Division Signaling

(TDS), Frequency Division Signaling (FDS), or Code Division Signaling ( CDS).  In previous work, it has

been shown that under a power constraint, that FDS is the optima l signa ling t echnique[1].

                         To eliminat e self-NEXT using FDS, we can force upstrea m and downstream transmitters to use

disjoint frequency bands.  The upstrea m and downstr eam transmissions are orthogonal and can be easily

separated by their respect ive receivers.  Moving to an FDS scheme r educes the bandwidth available to each

transmitt er by 1/2 of the original bandwidt h.  Ther e is tradeoff, FDS eliminates self-NEXT, incr easing

capacity, while also reducing t he bandwidt h available and decr easing the capacity.  Therefore, when self-

NEXT is not high enough t o warrant FDS, both upstream and downstrea m transmitt ers should ha ve the sa me

spectrum, this is referr ed to and Equal PSD (EQPSD) signaling.

2.3 Signaling Sc he mes

Previous work[1] found joint signaling schemes for a particular configuration of DSL modems and

int erferors from differ ent services. These schemes have been proven optima l for several cases.

            1.  Int erfer ence from differ ent services, additive gaussian noise and no self-int erfer ence.

                         Solut ion:  EQPSD signaling.

            2.  Int erfer ence from differ ent services, additive gaussian noise, self-NEXT and low self-FEXT.

                         Solut ion:  EQPSD and FDS signaling.

            3.  Int erfer ence from differ ent services, additive gaussian  noise, self-NEXT and high self-FEXT.

                         Solut ion:  EQPSD, FDS, and multi-line FDS signaling.

                         In the first case, when crosstalk and noise are not significant, EQPSD signaling is the scheme t hat

yields maximum capacity.  When self-NEXT is high and self-FEXT is low, as in the second case, FDS

signaling yields the highest capacity.  The available fr equency is divided int o two halves, with one used for

the upstream transmitt er and the other for the downstrea m. This eliminat es self-NEXT but does not combat

self-FEXT, which is small enough to not be an issue. When bot h self-NEXT and self-FEXT are high, multi-

line FDS signaling is used. Each line receives a separate frequency slot and put both upstream and

downstrea m spectra in the assigned band.  This eliminates self-NEXT and self-FEXT as the upstrea m and

downstrea m bands of each line are orthogonal.

                                                                                                        Figure 2 : EQ PSD, FDS and multiline FDS

3. Spectral Optimization and Joint Signaling Techniques

                         In a typical t elephone cha nnel, the severit y of self-NEXT varies wit h frequency. Swit ching bet ween

FDS and EQPSD as warranted by the severit y of t he self- NEXT, would yield maximum capacity.

                         Ther e are 3 cases of int er est for which opt ima l joint signa ling schemes have be devised.  With

mult iline FDS we separate each transmitt er int o a separate frequency band.  This gr eatly reduces the

bandwidth available to each transmitt er.  In practical implementations, its is only worth moving t o a

mult iline FDS solution when self-FEXT is very high and when t he number of lines is small.  When the

number of lines incr eases, the available bandwidt h becomes t oo small to increase capacity in spit e of the fact

that self-FEXT is eliminat ed.

                         As a simplifcation of the problem only cases 1 and 2 are exa mined. We will assume that self-FEXT

is low enough to warrant not switching to a multiline FDS scheme. Further more, case 1 can be thought of as

a degenerate exa mple of Case 2, ie. self-NEXT and self-FEXT are so low, that the EQPSD solution is

optima l. This leaves one case of int er est, the situation wher e ther e is self-NEXT present, and a low amount

self-FEXT.  A mor e detailed look at joint signaling solution to this problem follows.

3.1 Impor tant Assumptions M ade in Previous Wor k

1.  Channel noise can be modeled as additive Gaussian noise (AGN).

2.  Int erfer ence from ot her services ca n be modeled as addit ive colored Gaussian noise.

3.  The total transmission bandwidth B (Hz), can be further subdivided into narrow frequency bins of widt h

            W (Hz), and the channel, noise, and crosstalk characteristics vary slowly and can be consider ed constant

            within the bin.  For line i, bin k, we have:

                                                                                                        Figure 3 : Channel subdi vision in to K bins

                                                    Figure 4 :  Magnitude squared transfer function of channel, NEXT and FEXT

            4.  Echo cancellation is being used effectively to cancel crosstalk in a particular line from a transmitt er

                         in eit her the upstream or downstrea m dir ect ion to the receiver in the opposit e direction.

            5.  All sources of DSIN-NEXT can be grouped int o one PSD, DS
N

(f), and all sources of DSIN-FEXT

                         can be grouped in to another PSD, DS
F

(f).

            6.  All sources of self-NEXT can be added to form one overall self-NEXT source.

            7.  All sources of self-FEXT can be added to for m one overall self-FEXT source.

            8.  Spectral optimization is done under the average input power constraint.

            9.  Notation.  Let u=upstream, and d=downstrea m, and denot e the PSDs on line i as:

                                                        S u
                                                               i

                                                                (f): PSD on twisted pair i in upstrea m direction u.

                                                        S d
                                                               i

                                                                (f): PSD on twisted pair i in downstrea m direction d.

                                                        Let the PSDs on line i in frequency bin k, be denot ed as:

                                                        s u
                                                              i

                                                               (f): PSD on twist ed pair i in upstream dir ect ion u.

                                                        s d
                                                              i

                                                               (f): PSD on twist ed pair i in downstrea m dir ect ion d.

            10.  Assume a monot onic decr easing channel transfer function.

            11.  Assume equal channel capacities in the upstream and downstrea m direct ions.

3.2 Optimization :  DSIN-NE XT, DSIN-FEXT, AGN, High Self-NEXT, Low Self-

                                                                              FEXT

            Orthogonal signaling schemes such as FDS can complet ely eliminat e self-NEXT. FDS can give bett er

spectral compatibility tha n ot her orthogonal signaling techniques[1]. Addit iona l assumptions that must be

used in this derivation are:

            12.  The self-FEXT level is low enough in all bins that multiline FSD is not requir ed.

            13.  All M lines have t he same cha nnel transfer function, noise characteristics, face the same DSIN-

                         NEXT and DSIN-FEXT in bot h dir ect ions.  Therefore, all the upstrea m PSDs are the same, as are

                         the downstrea m PSDs.

            14.  All lines have t he same self-NEXT and self-FEXT transfer functions.

3.2.1 Signaling Sc heme

                         As previously ment ioned, ther e is a tradeoff moving to an FDS signaling technique.  FDS reduces

the available bandwidt h and ther efore reduces syst em capacity, while it combats self-NEXT and incr eases

syst em capacity.  In high self-NEXT regions, FDS must be used to reject the effects of self-NEXT.  When

self-NEXT is not ver y high, moving to FDS may reduce capacity as the bandwidt h available is halved.  To

maximize capacit y we must only use FDS in the regions wher e the self-FEXT is high enough to warrant it,

ot herwise use EQPSD.

                         In the case of 2 lines, the upstream and downstrea m capacities are as follows:

                         To simplify analysis, we subdivide the cha nnel into bins of widt h W, and design each bin

individually.  The achievable rate for each bin then becomes:

Wher e

and

and s
                u

                  (f) and s
                                            d

                                              (f) are the upstream and downstrea m regions of t he PSD are as follows:

                         Her e a  is a paramet er that det er mines if we use EQPSD, FDS or any other signaling scheme in that

particular bin and P
                                                            m

                                                                 is the average power in the fr equency range [0,W].  It has been shown[1] that to

maximize capacit y that eit her EQPSD or FDS signaling has to be used in every bin.  The test condit ion for

which met hod to use is:

Ther efor e in each bin the upstrea m and downstrea m capacities are

                         Due to t he channel monotonicit y assumptions that were ma de, we will assume all bins in [1,M
E

]

satisfy the above condit ions such that EQPSD signa ling is used.  Bins from [M
F

,K] wher e K is the last bin,

use FDS. There is an optima l switchover point, M
E2F

, in the int erval (M
E

,M
F

) wher e EQPSD will change to

FDS.

Figure 5 :  EQ PSD and FDS regions in Upstream and Downstream Spectra

3.2.2 Overall Algorithm

            1.  Set up K equispaced bins of widt h W, over the transmission bandwidth B.

            2.  Estimate DSIN-NEXT, DSIN-FEXT, self-NEXT, self-FEXT, and AGN.

            3.  Comput e M
                                                              E

                                                                  and M
                                                                                      F

                                                                                          using for mula e.

            4.  Estimate M
                                                            E2F

                                                                    .

            5.  Estimate how much power, P
                                                                                                                   E

                                                                                                                      , of P
MAX

 in EQPSD region and how much, P
F

, in FDS region.

            6.  Use water-filling technique to distribute P
E

 and P
F

 in the appropriate regions, comput e each

                         subchannel capacity and then sum to find t otal channel capacity.

            7.  Re-est imat e P
                                                                    E

                                                                        and P
                                                                                          F

                                                                                            .

            8.  Repeat 6 and 7 until channel capacity is maximized.

            9.  Re-est imat e M
                                                                      E2F

                                                                               crossover bin.

            10.  Repeat 5 to 9 until a maximum t otal capacity is found.

            11.  Set M
                                           E2F

                                                     as the final crossover bin and find the final cha nnel capacity.

3.2.3 Fast Suboptimal Solution

                         In practice, it is oft en found that the optima l M
E2F

 crossover bin is close t o the initia l est imat e of M
E

,

usually within several bins.  Thus to save a significant amount of computation, we simply set M
E2F

 as M
E

,

and do st eps 5 through 8, and then step 11, of the above algorit hm.

3.2.4 Grouping of Bins

                         It is oft en simpler to regroup the bins in the FDS region in an alternate configuration, such that we

for m wider subchannels.  This is oft en useful when using modulation schemes such as PAM or QAM, rather

than DMT.

                                                                           Figure 6 :  ’Discrete’ spectra grouped into ’contiguous’ spectra

                         When regr ouping these bins, careful attention must be paid so that the condit ion of orthogonality of

the upstream and downstrea m spectra in the FDS region is not violated.  Ther e are many ways in which t he

bins can be grouped, however, only one possible configuration cr eates the largest possible cont iguous

regions under the constraints that upstrea m and downstrea m spectra have equal power and equal

perfor mance margins (or data rates).

3.2.5 Algorithm: Equal Power and M argin Constrained Gr ouping

            1.  Solve for optima l transmit spectra.

            2.  Estimate bins M
                                                                           C

                                                                               in (M
                                                                                                 E2F

                                                                                                         ,K] and M
G

 in (M
C

,K], and group the bins of the optima l spectrum such

                         that:

3.  M
                   C

                       is chosen such that equal perfor ma nce margins (equal data rates) result in bot h the upstream and

            downstrea m portions of the FDS region, while M
G

 is chosen such that both upstream and downstr ea m

            directions have equal average powers. Iterate for different va lues of M
C

 (and calculating the

            corresponding value of M
                                                                                            G

                                                                                               ) unt il both constraints are satisfied.

                                                          Figure 7 :  ’Contiguous’ spectra under equal power and margin constraint

4 Adaptive Spectral Optimization

                         The previous work summarized is done under the assumpt ion of a static environment, wher e the

number of users of a service and the configuration of the int erfer ors do not change over time.  Each modem
has a priori knowledge of the ent ir e syst em ; how ma ny users of the sa me service ther e are, and numbers of

the various int erfer ors.  This knowledge is used t o calculat e the total int erfer ence and comput e the optima l

PSD for the modems.

                         In practice, modems do not ha ve this knowledge.  In an adaptive syst em, t he spectra of DSL

modems continually adapt as the modems’ knowledge of the environment changes.  In an ideal situation, the

adaptive solut ion will converge t o the same solution that was obtained wit h joint optimization.

            Ther e are several advantages of a system t hat can conver ge to an opt ima l signaling scheme a daptively,

by measuring line characteristics and taking st eps to maximize capacity.

            1.  Modems do not need knowledge of the final configuration of users of the sa me service and of other

                         int erferors, they simply adapt to the envir onment as it changes.  This is key, as the environment is

                         cont inually changing as users turn the DSL service on and off.  The sa me is true for configuration of

                         int erferors, which also changes wit h time.}

            2.  Ther e is ver ification of the optima l solution based on measured line characteristics.  That is,

                         modems can change t heir spectra and ver ify which PSD results in maximum capacity, rather than on

                         computation from for mulae.

            3.  It will be key in future work when t he assumptions that all DSL lines in a cable binder share the

                         same channel transfer funct ion, self-NEXT and self-FEXT transfer functions, int erfer ence from

                         ot her sources (DSIN-NEXT and DSIN-FEXT), are relaxed. Analyt ical solutions in this case can

                         become difficult to solve and a solut ion t hat adaptively conver ges to the optima l PSD is preferred.}

4.1 Algorithms

                         Ther e are several steps requir ed to conver ge to the optima l PSD as defined by t he joint signaling

met hod.  The first is to properly define the EQPSD and FDS regions, and then ensure orthogonalit y of the

upstream and downstrea m transmission in the FDS portion of the spectra.

4.1.1 Finding Optimal EQPSD and FDS Regions

                         Each time a change in the DSL envir onment occurs, we cha nge t he a mount of int erference, and the

EQPSD to FDS crossover point may change.  To keep the optima lit y of the signaling, we should recomput e

this point when environmental cha nges occur.

                         Finding M
                                                         E2F

                                                                   is an N-dimensional (wher e N represents the number of DSL modems) search for the

EQPSD to FDS crossover point. There is a single bin that results in a maximum achievable rate.

                                                                                                                      Figure 8 :  Search space for M
E2F

                         The algorithm attempts to find this maximum point with each modem functioning independent ly.

Modems typica lly put less power per bin in t he EQPSD region than in the FDS region.  All upstream and

downstrea m transmitt ers are sharing this region, and to minimize t he effect of self-NEXT, a smaller amount

of power is placed in the r egion. When modems do not share the sa me crossover point, the FDS regions of

some modems will overlap wit h the EQPSD regions of ot hers.  The net effect is that the capacity of all

modems will dr op as there is too much power in the EQPSD region of some modems, resulting in higher

self-NEXT terms, while at the same time the orthogonalit y of the FDS region of ot her modems is violated.

Thus, it is key that all modems share the sa me EQPSD to FDS crossover bin.

                         Knowing that the capacity is maximum when the all the modems share the sa me crossover bin,

gr eatly simplifies t he search procedure.  We do not need to search the entir e N dimensional space, but rather

only t he region near the line that is traced out when all modems share the sa me crossover bin.  We also

know that M
                                       E2F

                                                is fairly close to M
                                                                                                           E

                                                                                                              , thus using M
E

 as an initial va lue is an int elligent starting point.

                         The search procedure involves searching the various combinations of crossover bins near the line

defined above.  By moving along this line, we will find a single value for M
E2F

 that will maximize the

capacity of all modems.

                                                                                                               Figure 9 :  Algorithm for finding M
E2F

4.1.2 Ens uring orthogonality in FDS region

                         From the joint signaling solution, we know t he FDS region is to ha ve the upstrea m and downstrea m

spectra orthogonal. That is, the upstream transmitt ers should not be signaling in the regions wher e the

downstrea m transmitt ers are signaling.  Once we place the constraints that both the upstream and

downstrea m spectra should have equa l power and equal perfor mance margins, and that the grouping of bins

should be as large as possible, there is only one opt imal solut ion.

                         The algorithm starts by choosing a value for M
C

 and then computing M
G

 such t hat the equal power

constraint is met.  In the joint signaling technique, All possible values for M
C

, and the corresponding M
G

, are

checked.  Since the equal power constraint is met wit h the computation of M
G

, we choose t he M
C

 that gives

us equal capacities in the upstrea m and downstr ea m direction in the FDS region.

                         In the adaptive solut ion, each modem comput es overall capacity in bot h upstrea m and downstr ea m

directions for values of M
                                                                               C

                                                                                   both above and below the current value.  If a capacity is found to be higher, M
C

is updated and the spectrum cha nged accordingly. This alone causes the spectrum t o conver ge to a solution

such that the upstream and downstrea m transmit spectra are orthogonal.  In the FDS region, if ther e is an

overlap in the upstream and downstrea m transmit spectra of some modems, then some modems are putting

power in a region wher e self-NEXT is high.  The int erfer ence due to self-NEXT becomes significant and

thus reduces overall capacit y, hence modems move away from t his state.

                         Once t he upstrea m and downstr ea m portions of the spectra are orthogonal, the next st ep is to equat e

the upstream and downstrea m capacities.  Spectra for values of M
C

 bot h above and below the current value

are comput ed, and the upstrea m and downstrea m capacities are calculat ed.  The value of M
C

 which

minimizes the differ ence bet ween upstrea m and downstrea m capacities is chosen.  Once one modem ma kes

this change, the upstrea m and downstrea m spectra bet ween modems will no longer be orthogonal, and the

ot her modems updat e their spectra accordingly.  In this manner the modems ’chase’ the first modem which

tries to equate upstream and downstr ea m capacities.

                                                                                                                Figure 10 :  Algorithm for finding M
C

5 Simulations

                         The simulations for the adaptive algorit hms wer e straight forward.  The HDSL2 service was chosen,

as it is a symmetric data service having a rate of 1.544 Mbps. The number of HDSL2 modems was set at two

for simplicity , however, it can easily be changed t o a differ ent value.

                         Power spectral densit ies of t he two HDSL2 modems wer e init ially comput ed, and the crossover bins

for each modem wer e offset by random a mounts such that the EQPSD and FDS regions of both modems

wer e differ ent.  The algorit hm was applied and as expect ed the spectra conver ged such that both modems

had the sa me crossover bin, which was varied unt il a maximum capacit y was found.

                         Shown in t he table below are stages of the simulation.  Initially M
E2F

 of the two modems are bin 5

and bin 13 respectively.  The modems independent ly cha nge the value of the bin unt il they are equal, in the

case below, they it erate unt il M
                                                                                                E2F

                                                                                                         beca me 9 in bot h cases.  Once this occurred they independent ly

maximized capacit y and both settled on a final value 10, which is exactly the solution that results by using

the joint optimization technique.

  Modem\It eration Time 1 Time 2 Time 3 Time 4 Time 5 Time 6

             Modem 1 5 6 7 8 9 10

             Modem 2 13 12 11 10 9 10

                                                                         Table 1 : Example of 2 HDSL2 modems iteratively finding M
E2F

                         In adaptively finding the proper grouping of bins in the FDS region, random values of M
C

 and M
G

wer e chosen for each modem as init ial starting points.  When the algorit hm was applied, the spectra

independent ly shift ed unt il the upstrea m and downstream portions wer e orthogonal, and t hen shift ed to

equat e capacity and converged t o a final solution.

                         An exa mple in is illustrated in figur e 11.  Colors moving from light to dark indicate dir ect ion of

mot ion.  Modem 1´s spectra are on the t op of the figur e and on t he bott om for modem 2.  The figur es on the

left illustrate the modems attempt ing to make the FDS region orthogonal, and the right illustrates the

modems equating upstream and downstrea m capacities.  The modems start wit h values of M
C

 of 114 and

264 respect ively.  They adapt such that the upstream and downstrea m spectra between modems are

orthogona l.  In this case, they change such that M
C

 is set to 189 for both modems.  At this point the upstrea m

and downstr ea m spectra between modems are orthogonal, however, the modems no longer have equal

upstream and downstrea m capacities in the FDS region, and they begin t o equat e them.  The finally settle on

the value of 114 for M
                                                                     C

                                                                        , and a corresponding value of 398 for M
G

.  The final state is illustrated in black.

This corresponds exactly wit h joint signaling solution.

                         The algorithm is quit e robust, and every t est condition attempt ed under a variety of envir onmental

configurations led to the optima l solution.

Figure 11 :  Left (top and bottom): modem1 and modem2 orthogonal (in FDS). Right(top and bottom): modem1

                                  and modem2 equating up and downstream capacities.  Color change from light to dark indicates

                                  direction of motion

6 Conclusion

                         Previous work in spectral optimization has been done in a static environment wher e the

configuration of users of a particular DSL service a nd int erferors do not change over time.  Each modem is

assumed to ha ve a priori knowledge of its environment.  In practice, this is not generally the case, and

adaptive solut ion to t he signaling problem is preferred.  The key contribution of this project illustrates that

when using an it erative optimization scheme, the spectra of the DSL users converge t o a solution.  It is of

special importance to not e that the solution achieved adaptively is precisely the solution obtained by using a

joint-signaling t echnique.

7 Future work

                         Future work in the area involves loosening some of the assumpt ions that wer e made. In previous

work, it was assumed that all modems in a cable binder have the sa me channel transfer function, which may

not be true.  There ma y be individual lines which are longer than others , some ma y have a differ ent guage

wires, etc.  These differ ences will certainly lea d to different channel models.  For these sa me reasons, there

will be differ ent self-NEXT and self-FEXT transfer funct ions, and DSIN-NEXT and DSIN-FEXT

int erferences may be differ ent for differ ent lines.  In other cases the cha nnel transfer function ma y or ma y

not be a monot onic decreasing function as it is current ly assumed.  In conditions such as these an analytical

solut ion may be ver y difficult to achieve, and it would be advantageous to have a n it erative solution which

will converge t o an optima l PSD for each modem.

References

[1]R. Gaikwad and R. Baraniuk, ^Spectral Optimization and Joint Signaling Techniques for Communication

         in the Presence of Crosstalk ~ , ECE Technical Report #9806, Rice Universit y, July 1998

[2]J.J Werner, ^The HDSL Environment~, IEEE Journal on Select ed Ar eas in Communications, Vol. 9, No.

         6, August 1991.

[3]W. Walkoe and T. Starr, ^High Bit-Rate Digital Subscriber Line :  A Copper Bridge t o the Net work of the

         Future~, IEEE Journal on Select ed Ar eas in Communications, Vol. 9, No. 6, August 1991.

[4]The Paradyne  C orporation, The DSL Source Book, 2nd edition .