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Cable measurements supporting

xDSL technologies

The ongoing developments in the field of high-speed data transmission over twisted-pair cables (D5L -
Digital Subscriber Line) leads to methods that can exploit the transmission media with increased
efficiency. MIMO (Multiple-Input Multiple-Output) transmission, i.e., the coordinated use of many pairs
within a bundle, is such an emerging D5SL technology. A further goal is to maintain a certain transmission
quality in the presence of non-DSL noise. For example, cancellation techniques to combat narrowband
radio interference, which is generated by radio amateur transmitters and may be picked up by the wire
close to the subscriber or by the in-house wiring, become important.

The efficiency of these techniques strongly depends on cable properties that have not been the focus of
cable measurements so far. This paper gives an overview of special cable measurements and shows their

importance for future DSL technologies.

Keywords: DSL (Digital Subscriber Line); cable measurements; MIMO (Multiple-Input Multiple-Output); RFI

(Radio Frequency Interference)

Kabelmessungen fiir zukiinftige DSL-Technologien.

Die stelig voranschreitende Entwicklung im Bereich der hochratigen Datentbertragung tber die
Kupferzweidrahtleitung (DSL - Digital Subscriber Line) fihrt zu immer komplexeren Verfahren mit dem Ziel,
das Medium so gut wie méglich auszunuitzen. Ein zentrales Thema ist die koordinierte Nutzung vieler Paare
eines Kabelbindels, was unter dem Begriff MIMO(Multiple-input Multiple-Output)-Ubertragung
zusammengefasst wird. Ein weiteres Ziel ist die Garantie einer bestimmien ﬁbedmgungsqmm#l' beai
Gegenwart von nicht DSL-artigem Rauschen. Verfahren, z. B. zur Kompensation von schmalbandigen
Stérungen, welche durch Amateurfunker verursacht werden und fir die vor alleam der Leitungsabschnift
nahe am Teilnehmer sowie die Hausverkabelung wie eine Antenne wirken, gewinnen an Bedeulung.

Die Effektivitat dieser Verfahren hiangt stark von Leitungseigenschaften ab, welche bisher nur unzureichend
untersucht wurden. Dieser Beitrag behandelt spezielle Kabelmessverfahren und zeigl ihre Bedeutung flr

die DSL-Technik von morgen.

Schiisselwdrter: DSL (Digital Subscriber Line); Kabelmessungen; MIMO (Multiple-input Multiple-Output);

RAFl (Radio Frequency Interference)
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1. Introduction

Broadband acoess technologies ower copper twisted pairs,
summanzed in the keyword DSL (Digial Subscriber Line),
hava experienced significant progress in recent years. Field
trigls with profolypes have been camed ol successfully and
cperalors have already started the deployment of several DSL
Typees.

Conceming research there are two goals: First, the twisled-
pair channal should be used as afficiently as possible in terms of
achievabile throughput undar the curran! operalting condilions.
The perdormance of today's DSL systems is oftan limided by
crossialk between neighboring loops, I it is possible 1o use all
ihe loops of a bundle, these crossialk paths can be utiliped for
data transmission. Thus, the drawback of crosstalk can aciueally
be tumed into an advantage. Systems thal consider the whole
bundle as channel employ MIMO (Multiple-input Multiple-Oul-
put) techniques, which are also vary important in wireless com-
munications, Second, i is vital to provide reliable transmession
in the presence of vanous other disturbances. One challenging
phenomenon is the undesirable receplion of radio signals by
cables. In particutar, narrowband ransmitiers can ganarate in-
terfaranca that is stronger than the lar-and sagnal at the recavear,
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Decreasing radio frequency interferance [(RFI) is thus wital in
tarms of transmission quality.

Extensive research on MIMO and intererence mitigation
has lead o good theoralical resulls, In order 1o evaluate the per-
formanca of the algonihme and techniques in real Systems,
knowledge about special cable properties 15 necessany In
MIMO systems, e. g., the crossialk behavior between all combi-
nations of pairs is essential, For assessment of RFI mitigation
tachniguas, information aboul coupling proparies batwean dil-
ferential-mode and common-moda is wital.

This paper deals with measurement lechniques yielding iha
cables’ properdies required for future generations of DSL.
Chapter 2 provides an ovenview on the MIMO technique in wire-
bne communications. Chapler 3 deals with mitigation of inlarer-
ence from radio transmitiars. Cable measurement lechnigues
supporting these techniques are described in Chap. 4. A sum-
mary and conclueding remarks follow in Chap. 5,
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MIMO cable channel

Fig. 1.

2. Multiple-Input Multiple-Output transmission

In order to exploit the copper cable, the interaction between indi-
vidual pairs of a2 bundle has o be taken into account. A firsl slep
fowards a more cooperative treaiment was made in frequency
planning and in the design of power back-off algorithms for
VDSL. In the wireless domain, we are used o applying mult-
user detection. In wireling, the cable is alse a multiple transmit
channel, Thus, a whole bundle of pairs can easily be considered
as ong transmit channel and a so-called MIMO transmission is
obtained. This MIMO channel consists not only of the direct loop
responses, but also of the so-called FEXT (Far-End Crosstalk)
rasponses, which describe the coupling from one pair to another
on the apposite side (Fig. 1).

H a system has access 1o both sides of a number of cable
pairs, the FEXT paths can be seen as useful transmil channels
Examples would be the transmission batwaen the central office
and a streel cabsnet or transmission from a cabinet 1o a bigger
company or a mobile station where a whole cable bundle is
used, Mevertheless, there exist imporiani cases where only
ane-sided processing of multiple signals is possible. This is typi-
cally the case when wire pairs branch out from a cabine! (or
cantral office) to cusiomers at diferent locations, In this paper
we will focus on the two-sided case. A study of the alternative
one-sided case can be found, e.q., in (Ginis, Cioff, 2007).

In time domain, the direct and crosstalk channels can in
principle be described by convolutions with the comespanding
impulsa responses h,, where h,, represent the direct paths and
. k= jare tha FEXT paths. The BREXT [Mear-End Crossialk)
responses are denoted by g, The MIMO channel output
samplas ¢, can thus be wrilten as

= Hign 8+ i hy- a4 ig.m-bm, i1
FEXT  NEXT

whera & and b, are the far-end and near-and transmil sampies,
respaclively, Herginafter, we assume that NEXT is avoided by,

e.g., a suitable duplexing method. We proceed with a frequency
domain descriplion of multicarmer transmission with DMT (Dis-
crete MultiTone) over the MIMO channel. Being aware that a
cyclic convolution (assuming a sufficiently long cyclic prefix) in
time domain maps inte a multiplication by a factor in DFT do-
main, we oblain a channel matrix for every single frequency;

yin=Him-x(n, n=1..MN (2)

The channel matrix Hin} thus contains the direct palhs in ifs
main diagonal and the FEXT responses eisewhere. In el
case all FEXT components would vanish and a purely diagonal
matrix weuld remain. This would lead 1o separate transmit chan-
nels without any coupling. Even with nonzero FEXT compo-
nenls, we can easily oblain a diagonalization of the matrix H{m)
by applying the singuiar value decompasition, rasulling in

Hin=Qin) Aln)-PH(n), A=1,.. N, 3

whera Q(n) and P(n) are unitary matrices with the property that
inverse and Hermitian transpose are identical and A () is a dia-
gomal rrsakrix.

If we now perfiarm a pre-processing by P(m in the trans-
mitter and a post-processing by QM in the receiver, we oblain

H(n} = QF(n}- Qi) Ale)-PU(n)- Pl = Al (4)

We obtain a diagonal channel matrix for every carier fre-
guency, which actually means decoupling without a loss in
channel capacity. We can thus write the transfer relation be-
tween the input and the output vectors t(n) and r(n), respect-
ively, for each frequency as

ri{r) = A{m -t{n, e N (5)

Mate that the inputl and ouwtput vectors are across the K
channels. The transmission struciure with pre- and posi-pro-
cessing for every carrier frequency is depicted in Fig. 2, This
MIMO approach is described in more detail in ( Taubdck, Henke!,
2000).
When comparing such a MIMO system with regular systems
that would have FEXT as a disturbance, we hawve to note that
{assuming no MEXT) for long cables FEXT does not play a
major rale any more, since it experiences the same attenuation
as the direct data signal itself. Thus, with increasing length,
usual non-MIMD systems starting from a FEXT-limited system
become more and mora limited by the background noise. If we
gstimate the performance of such a system (Nordsirdm, Bangls-
son, 2001), assuming a very high number of 25 pairs for a
MIMO systern, which is currently not realizable, we obtain rate-
length dependencies depicted in Figs. 3 and 4 for background-
noisa levals of - 140 dBm/Hz and — 120 dBm/Hz, respectively.
Due 1o the mentioned length dependancy of FEXT, such MIMO
sysiems are nol very suitable for longer cables (> 800 m) and
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Fig. 2. MIMO-DMT sysiem with pre- and post-processing for diagonalizaton
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Fig. 9. Charscterstic impadances of 1he layered cabla

We will not focus on MEXT, since our MIKD approach as-
sumes that NEXT had been laken care of by other means, i.e.,
by using FOD (frequency division duplexing) or TOD {Eme=-divi-
sion duplexing) transmission. However, NEXT can easily ba
mieasured with almost eveny network analyzer and two baluns, i
is simply the transfer function between two pairs on one side of
the cable (when lerminating the oppasite sida). The cabile langth
should be at least around 100 m in order o be able to neglect
length dependencies. The MEXT responses of the layered cable
are shown in Fig. 100 As a comparison with the 99 % worst-case
model proposed by ETSI shows, the layered cable diflers signifi-
cantly from olher European cables.

Far-end crossialk, in contrast to its near-end counlerpart, is
essential for a MIMO system, since these paths will be con-
sidered as usshul transmission channals. Sinca FEXT is tha
transier funclion between opposile ends of different pairs, the
measurement is very similar 1o the one for NEXT, There is, how-
ever, one major difference: The length dependency cannol be
naglacted, since the coupled signal fravels alang thea loaps (in
paris on both loops) and is thus attenuated, Usually, the loop re-
sponse i ahminated from the FEXT responsea leading to the so-
called EL-FEXT (Equal-Lavel FEXT)
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Since the coupled signal ravels alang both loops, average
values for ol and S of the comesponding pairs are used.
Mote thal power coupling i considered 1o be linearly dependent
on the length, Therelore, the sguane-rool lermn appears in the
formula lor the EL-FEXT. The EL-FEXT responsas of the
layered cable are shown in Fig. 11, again together with an ETSI
relerence curve, Also here we see thal the layered cable diflers
sigrilicanily from the ETSI refamanca,

4.2 Symmetry properties
The symmeiry paramelters defined above can only characterize
the cable itsell. The properties of the radio channal batweean 1he
disturber and the cable are not described. Howewer, models for
the cable’s symmetry form the basis for ingress and egress cal-
culations. LCL and TCL measure the degree of unbalance al
ong end of the cable and may therefore be relevant in case of
RFl ingress close to the modem. LCTL and TCTL assess the
umwvanted modes attenuated by the line and should characiernize
situations whers ingress and egress mainly happen at the olher
end of the line.
Twao ditferent types of cables have been measured:
{1) Layered cabla (see previous section for details): reprasant-
img a typical layered cable between caniral office and cus-
lomer premises, measured on a drum;

Cable measuremants supporting xD5SL technologies
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Figure 7 shows a block diagram of the principle (Magesacher ef
al., 2007). The common-mode signal is oblained al the center-
tap of the primary side of the fransformer. An adaplive algorithm
adjusts Is ampliude and phase to viekd a counter-interfarer,
which is then subtracted from the received signal before the AD
converter thus remeoving the inferference.

To assess the perdormance and delailed implementation
requiremeants of methods like the one described above, it 15 vital
to moded the coupling as accurately as possibla. The following
paramelers to assess the cable’s symmelny ane based on the
recommeandations provided in (ITL-T 1896, [TU-T 1985, The
frequency dependent loss measure is the ratio of a driving sig-
nal and the resulling unwanted signal:

driving signal

IS Masure (/) = unwanted signal’

(6}

Table 1 summarizes the different loss measures resulting
from the combination of common-mode and diferantial-mode
signals as driving and unwanted signals atl both ends of the
cable (Fig. 12). Since the cable is a passive reciprocal alement,
both LCL and TCL, as well as LCTL and TCTL, are identical in
theary, In practice, this is true for e cable itsel, Rowever, in
real systems the circuitry interfacing the cable may not be
exactly the same at both ends, possibly degrading the sym-

metry.

Table 1. Swmmary of symmaliry measwes and their dedinition with
regard to (&) C=common-mode, D= differential-rmode; 1 and 2
denate diferen ends ol the cable

driving unwaniad
Mame of maad .
symmainy measura ] P
Longitwdinal Convarsion Loss (LCL) = o,
Transverse Conversion Loss (TCL) o o
Longitedinal Conw. Transher Loss (LCTL) G,

Transverse Cony. Transfer Loss (TCTL) oy, &

4. Cable measuraments

In this paper, we concenirate on bwo aspects of DEL: MIMO sys-
tems and RFI mitigation. Both require special measurements lo
collect the basic dala for pedormance studies. For the MIMOD
case, wa need exact knowledge of the transmit characteristics
of the cable, 1., the transfer and the crosstalk functions in am-
plitude and phasa. RAFI investigations, however, reguire knowl-
edge about the symmetrny properies of the cable, i.e., the coup-
lng behavior batween diferential-mode and common-mode.
The following ftwo subsections describe ihe underlying
measuraments,

4.1 Transmission properties
The transmission propertas ara on fhe one hand datarmined by
the characieristics of the direct channel, i.e., the ransfer func-
tien of a sirngle copper pair. On the other hand, there are also
MEXT and FEXT funclions thal specify the coupling between
pairs on the same side of the cable and babwean pairs on the
opposite sides, respectively. Usually, NEXT and FEXT paths
disturb other DSL systems and are thus considerad 1o be an un-
wanied effect ol non-ideal cable construction. In a MIMD svs-
tem, however, especially FEXT s realed as a useful Iransmit
signal. Thus, detailed knowledge of these channels is required.
Let us first congider the direct transmission over one pair, de-
scribed by the ransfer funclion

H”‘J. o g L E-I-II:II-.'.I-!"III'I 1?]

assuming the cable of lengih I {in km) 1o be lerminated by the
characterislic impedance £, The fransmission conslant y con-
sigis of the real parl a(f), the attlenuation per lengih in d8/km,
and the imaginary parl (), which is the coresponding phase
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per length in rad®m. The transmission constant »({f} and the
charactaristic impadance Z_ ara the so-called secondary cabla
parameaters.

The primary cabla paramelers are tha resistanca, conduct-
ance, capacitance, and inductance per length, There is a direct
cormespondence batween these paramater sets. For determin-
ing the secondary parameters, we chose a method that is based
on measuring the inpul impedances £, and Z,. for open and
shored oulput of the cable, respectively. From these we oblain

ataon (12,7250 4 .

zﬁ: bzlﬂ 3 E.:-: L I:B:I

The n and m multiples of 7 reprasent the multiple sclutions
of the square-root and atanh functions. Choosing the right ona
iz actually one of the critical aspects of cable measurements,

Practically, the measurement is camied out by using either
an impeadance analyzer or a network analyzer togathar with a
reflection bridge. The use of a balun (balanced/unbalanced,
basically a transformer for measurement purposes) is always
recommended. For all the measurements regarding MIMO, a
shielded lavered cable of 250m length with 20 twisted-pairs
{lypa: F-02YHJAZY /20 = 2 = 0.4) was used, We will refar to this
cable as layered cable from this point on, The secondary cable
parameters of the layered cable are shown in Figs. 8 and 9 fo-
gether with the so-called MAR model (Marconi) (Musson, 1928,
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Fig. B, Transmission constants of the layered cabla
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the pardormance and possible gains depend strongly on the ac-
tual background noise level. In the standardization of VDSL
{Very High Bit-Rate D5L). a level of — 140 dBm/Mz had been
assurned, bul following the discussions in the standardization
bodias, this level may be quesbonable and is motl easy o
maasure in practica. For shorer [oops, it s possible 1o achieve
gains in ransmission rale in the order of a lactor of 2.

3. NHarrowband interference mitigation

DL systems transmil data in frequency bands of up to 12 MHz.
Theoratically, a pedecily twisted cable does nedher emit nor
pick up radio waves. However, in reality, perfect Iwisting is not
possible, thus the cable starts to act ke an antenna. This un-
wantad behavior has two consequences as illustrated in Fig. 5:
On tha ona hand, the cable receives radio signals (RFI ingress).
The two main disturbers in thal respect are broadcast radio
siations and amaleur radio (HAM) transmitbers, whach can pro-
duce strong and inlermitient disturbance. On the otheér hand, 1he
cable emits radio signals [AFI egress), which disturb wireless
senvices like HAM transmitters. This led 1o severe resirictions
conceming the modems’ allowed transmit power in cerlain {re-
quency bands in standardization (ETS! TMS, ANSI TIE1.4).
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Fig. 5. AFlingress and ogross

The actual impact of RFI strongly depends on the distance
from the disturber and the installation of the cable. The last
meters to the customer ane ollen acrial cables and in-house wir-
ing is typically unshielded, Thus, this part of the access network
is highly susceptible 1o RFI ingress. RFl may strongly aNect
transmission guality and could be a severe problem for cable in-
frastruciures with a large percentage of overhead or above-
ground cables, like in the United States or in the United King-
dom.

Saveral techniques oxist 1o mitigate RFI ingress (de Clercg
el al, 20008, For low ingress levels, counter-measuras in the
digital part of the modem are sufficient. If tha intarierance levels
are high enough o overload the analog-lo-digital (AD) converter
of the modam, mitigation lechniques in the analog domain have
1o be emploved. One method is cancelation based on the com-
mon-mode signal. Figure 8 shows the underying coupling
model. The differential-mode signal, which is the diference of
the two vollages between each wire and ground, consists of the
desired signal and an RFI component. The common-mode sig-
nal, i.e., the arthmetic mean of the two voltages between each
wire and ground, also consists of both an AFI and a signal com-
ponent, The cancellation principle is based on the fact that the
RFI componant in common-mode is much stronger than the sig-
nal. Thiss, the common-mode signal may serve as a reference,

) -"' differential-mode =
dl ngﬂuf + hoog(t) = RFT

. common-mode =

=i

Rl

* ... convolution operator

Fig.6. Coupling mode! Tor reference-based AF cancellabion

i R
f__"‘ ----I.\IH' =

g

J.lhp-‘l:l.lun :
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Cancelber

Trensmitber Transformer Recciver

Cable
Flg. 7. Principéa of reference-based RFI cancallaton
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{2} In-house cable: unshielded, not twisted cable with 5 wires
(DFYY [ 5% 0.5 EL), typically used for in-house wiring in
Austria, langth=30m, cable was aranged straighlly to
resemble the in-house installation case.

Figure 12 shows the measurement sefup. Depending on the
parameter that is aclually measured, the four ports of the two
baluns are connected ta the outputinput of the network analyzar
or terminated by appropriate impedances, |1 s vital for balance
measurements that all the pons are terminated propery.

Figure 13 shows the LCL curves for the 10 pairs of the in-
house cable resulting from all combinations of the 5 wires, The
symmetry performance of the measurement squipmeant iself
plays an imporiant rede. Auxiliary conneclion equipment, like
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E&n___ e | === Cablg, mean {
z s A, ‘-_--_._ Cable, min & max
3 BD |- oo |r'u:|r|.|u,‘j|,u.a_l pa_lrs 1]
£ s
= S " F g e
g 40 e F “%_*.::;;_a-y;. R
0.5 i 1.5 Fed 25 4
frequancy [Hz] i

Fig. 13. LCL of ihe m-house cable
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shor pieces of wirg, plugs and sockets, elc. must be avoided so
that the residual leakage from one moda to the other is deter-
mined by the baluns only. The results depicted in Fig. 13 are
valid for all the frequencies where the LCL of the two baluns ex-
ceeds the LCL of the cable, i.e., when the asymmetry is deter-
rmiened by tha cable.

Figure 14 shows thal the reciprocity assumption for LCL and
TCL as well as LCTL and TCTL is reasonable.

The mean values of the four balance paramelers of the two
cablas under considaration are compared in Figs, 15 and 16. As
already mentioned before, TCTL and LCTL implicitly contain the
leop attenuation, Thus, a normalization of these measures is
necessary in order 1o compare cables of different length:

{L TICTL(N = {L, T} CTL peasires (11 Mg (- {10}

Mote that the symmetry measures describe the ratio of input
signal to cutput signal, which is the inverse of a transfer func-
tion, Thus, the normalization in (10) is performed by a multiphi-
cation with the leop’s transfer function. The layered cable shows
worsa symmetry properlies compared to tha in-house cable for
low frequencies, This s a surprising result since the in-house
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cable is nol twisted, However, il is much shorar and the wires
ara not squeazed as fightly compared lo the layered cable.
which preserves the symmetry a litle more. For high frequen-
cies the symmetry of the layered cable is slightly better, how-
ever, ils shield makes it much less susceplible 1o RFI, anyway.

5. Summary and conclusions

Reliable parformance assessmant of technigues for future DSL
systems requires detalled knowledge of the cable properies.
Two topics have been discussed in hera: MIMO transmission
and AF] mitigation.

For MIMO transmission, the crosstalk behavior of the whole
cable is of importance. Regarding RF1, the symmetry par-
ameters of Ihe cable are essential for couplng models.
Maasurement results of a layered cable and an in-house cable
have been presented. The measurement resulls are the basis
for studying emerging technologies, like MIMO transmission and
RFI mitigation.
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