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Abstract

Crosstalk is the main limiting factor in DSL (DigitSubscriber Line) transmission services;
especially in cases when number of DSL transmissy@tems in a cable binder increases.
Successful methods for decreasing crosstalk wiirovie reach, and bit rate of DSL systems.
As well, from the spectrum management point of vietvis very important to have
convenient positions of transmission systems irablec binder, because of the way they
generate crosstalk on a given DSL transmissioresyst

In this paper we provide calculation of downstrdaibhrate on ADSL2+ local loops limited by
crosstalk noise. Two parameters are crucial for @lculation method: number of active
ADSL2+ systems in a cable binder, and their posg#timside the binder.

In order to calculate bit rate on ADSL2+ loops wavé provided an in-depth analysis of a
local telecom operator's cable infrastructure immte of crosstalk. On the basis of
measurements carried out on twisted quad cabléseifirequency range from 20 kHz up to
2.2 MHz, and on twisted pair lengths between 30&neh 1700 m, we have derived theoretical
models of far-end crosstalk (FEXT) and insertiomg&he measurements were performed on
cables that are part of operating infrastructucg,an cables on a reel, thus providing a true
insight into the situation telecoms worldwide aaeifg today.

Simulation results indicate that number and sadectif active loops in a cable binder have a
great impact on a bit rate. Presented bit rateutation method and crosstalk models are a
useful tool for planning of access network and AE&lsed services.

Keywords: ADSL2+, star quads, FEXT, insertion gain,spectrum management.
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2 Crosstalk and insertion gain modelling

1 Introduction prerequisites
DSL (Digital Subscriber Line) systems are widesgdrea o

transmission systems in copper access networksl Cable description

Today, among all ADSL standards, ADSL2+Measurements used as a basis for local loop arsalyse
(Asymmetric DSL version 2 Plus) guarantees highe$t this paper were performed on cables with
bit rates in a downstream direction. Using freqiesic polyethylene insulation and laminated polyethylene
up to 2.2 MHz, ADSL2+ is capable of supportingsheath. Such cable consists of arbitrary number of
download transmission rates up to 25 Mbit/s ontshobasic groups (30, 60 or 100), but we do not
loops, what makes it a technology that is approgriadifferentiate cables with different number of basic
for transport of bandwidth demanding services, sudroups, because we do not focus on the interference
as multimedia and video. There are a lot of besriebetween pairs in different basic groups. Each basic
which limit achievable bit rates of these systefifee  group consists of five star quads. Basic groups are
major barrier is capacitive and inductive couplingcombined into a main group that consists of 50 quad

between signals transmitted on different subscsibern Fig. 1 a cross section of a basic group is shown
loops, known as crosstalld] [5] [6]. Numbering system shown in this figure will be used

This paper describes the method of downstream KBftroughout the paper.
rate calculation of ADSL2+ systems limited by far-
end crosstalk (FEXT). We have obtained insertion
gain and crosstalk measurements from a local teleco
operator. The measurements were performed on a
deployed cable infrastructure, on loops betweenr800
and 1700 m in length, in the frequency range frdm 2
kHz up to 2.2 MHz. Based on measurements, we have
presented and analyzed crosstalk and insertion gain
1% worst-case models. The 1% worst-case models are
commonly used crosstalk statistical models that
correspond to 1% worst-case value. This meansrthat
a given cable not more than 1% of its pairs will
experience crosstalk that is worse than crosstall; ; ; ; ; ;
predicted by the moddF] [6]. The models can be H&lg. 1 Basic group cross section with pair numigerin
used in any access network built up with twisteddyu 2.2 Cable filling strategy
cables. Finally, bit rate calculation was done rigki Conclusion derived from the Fig. 1 is that the
into account several important parameters: postiortrosstalk from the pair 0 to the pair 1 is not saene
of the transmission systems inside a cable birtér, as the crosstalk from the pair 0 to the pair 4.
loading table and crosstalk. Consequently, it is not the same whether two ADSL2+
There are three main contributions of this papestF Systems are applied in the same quad, in adjacent
we have presented a method for an empirical ADSL2quads or in quads that are separated by anothel qua
loop bit rate calculation. Second, crosstalk model§0 determine which of these cable filling scenai®s
used in this paper were developed on the basis b best, and which one is the worst, we have
measurements performed by a local telecom operatgoposed a method described in the following
thus providing an insight into the real situationa paragraph.
cable infrastructure. Finally, the methods for fisite A victim pair is a pair on which other pairs in asic
calculation could be used for planning of accesgroup generate highest level of crosstalk. In asec
network and ADSL-based services, especially ive will assume that the victim pair is pair 0. Nuemb
networks where local loop unbundling process hagt ADSL2+ systems assigned to pairs in a basicgrou
begun. is called filling ratio (Tab. 1). For a given fitlg ratio,
The paper is organized as follows. Sectodescribes the algorithm, using simple recursion, tests a# th
prerequisites needed for the crosstalk and insertigossible combinations. As there are not many plessib
gain models, such as cable description and cabfembinations, proposed method was sufficient fer th
filling strategy. SectiorB explains how to normalize task. If the algorithm finds several combinatiohatt
crosstalk to a specified length. In sectidn we generate the same level of crosstalk on the viptin
describe the insertion gain and the crosstalk nsodednly the first one will be considered. From the isd
based on measurements. Results of downstream W@ have assumed that the majority of crosstalk powe
rate calculation are elaborated in sect@nFinally, transfer occurs between pairs in a same quad. When
some concluding remarks are offered in secfion interfering pairs are in quads that are separated b
another quad the influence of one pair to anotker i
minimal. Using the proposed method, the best aad th
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worst basic group filling strategies are preseimeithe 2 2
grotip Ting sTateg P He(F.0]" _ 1 [He(1D)]
Tab. 1. = , 3)
Tab. 1 The best and the worst filling strategibs, t |H E(f ,I0)|2 lo |Hc(f,lo)|2
victim pair is pair O )
- , He(f,1)
Filling ratio, [%] Best case Worst case |HF (f,|)|2 :|HF (f,|0)|2||_ | c | = 4)
20 4 1 0 [Hc(f lo)|
30 26 12 We have assumed that the magnitude squared of
20 824 123 channel transfer funct|o;1 ig]:
— a—2a()
50 2468 8912 He(f. 1| =e727(D1 )
60 12467 89123 wheref is frequency in Hzl is loop length in km, and
0 5 s 89123 a(f) is local loop's attenuation constant in Np/km.
! 1245 ! 4 Applying Eqg. (5) to the Eq. (4) gives a following
80 1234678| 89123445 result:
2 _ 2 1 _2a(1)(-)
3 Far-end crosstalk measurements and [He (£ =[He (F.10) € - (6)
conversion °

. . valuation of the Eq. (6) requires local loop
In this section we present methodology of I:E)(-Ilazttenuation model and FEXT models on the reference

measuring and procedures we have used to normal%%p length (1000 m). These models are presented in
crosstalk on a given reference length. We haveeshosg <o tiond 1 and4.2 respectively

that the reference loop length is 1000 m.

3.1 FEXT measurements 4 Reference model description

Our FEXT measurements were carried out with a ling this section we describe the local loop atteiouat
analyzer Trend Communications ALT2000 used aind crosstalk models used to calculate maximum
both ends of a line, in the frequency range from 2Qchievable downlink bit rates. We also present the

kHz up to 2.2. MHz. Frequency samples were equallyssumptions used in these calculations.
spaced (every 9,046 kHz). ,

4.1 Attenuation model on the reference loop
3.2 FEXT conversion length

FEXT is the major limiting factor when severalBy applying previously described method on the data
ADSL2+ systems are applied in a same basic group dupplied by the local telecom operator, we have
a cable binder. FEXT is very dependant on a loogreated graphs showing average value (Fig. 2) and
length. To correctly calculate crosstalk for diffet standard deviation (Fig. 3) of local loop insertigain.
loop lengths we recommgnq the procedure based BBr frequencies lower than 0.4 MHz, fitted average
the ETSI FEXT modef1], i.e.: value @vg) of the insertion gain can be described by

2 2
He (1 N)" =Nk £ 2[H(f1)°, @) G(f)ayg = ~7.58163-1.7730110°75 f [dB/km],(7)

whereN is the number of disturbers in a califg,is  wheref is frequency in Hz. The appropriate model for
constant (for European cables, FEXT constant igequencies between 0.4 MHz and 2.2 MHz is

typically considered to be 6° Hz%km™ [1]), f is
frequency in Hz| is loop length in km, anxij—ic(f,ll G(Havg = _0'022695% [dB/km], (8)

is magnitude of channel transfer function. wheref is frequency in Hz.

Quality of the crosstalk model greatly dependsten t Fitted standard deviatiostd) of the insertion gain can
number of performed measurements. We have modelled using the following equation:

assumed th_at the majority of measurements are G(f)qq = 0621285+ 38967210 f [dB/km], (9)
usually carried out on an average loop length.
Therefore our model has a characteristic of aeefee wheref is frequency in Hz.

model, wherein the average loop length is theijtted 1% worst-case model of the insertion gain ca
reference length. To convert crosstalk to differenge expressed by the following equation:

length, we suggest following method:

G(f)105 = -00251356/f [dB/Km],  (10)
He(E D ke 1 12 [He(r)? N I

=—r —— ~ —  (2) wherefis frequency in Hz. Fig. 4 shows 1% worst-
|H,:(f,|0)|2 Kg 1o £2 |Hc(f'|o)|2 case model of the insertion gain.
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0 T T T
L Real measurements

4.2 Crosstalk models on the reference loop length
5 . Fitted average 1 . . . .
. Fitted average (low frequencics) -~ As it was mentioned earlier, there are three differ
] crosstalk types in a basic cable group. To easily
i reference them in the figures and further in thpepa

we use the naming convention described in Tab. 2.
Tab. 2 Crosstalk naming convention

g s 1
-30 . Name Description
By 1 FEXT-I crosstalk between pairs in the same
—40 . quad
-5 ] FEXT-N | crosstalk between pairs in the
0 500000 le+06 1.5e+06 2e+06 2.5e+06 nelghbourmg quads
. FrequeneylHz) . FEXT-A | crosstalk between pairs in quads
Fig. 2 The average insertion gain mutually separated by third quad
1.8 T T — T
Fitteq o2ndard deviation Fig. 5 and Fig. 6 show average value and fitted
standard deviation of these three crosstalk types.
-65 T T T

[dE]

[dB]

! ! L ! "' FEXT I - Average valucs ——

0 500000 le+06 1.5¢+06 26406 85 i FEXTT - fitted ~+ -
Frequency[Hz] '. FEXTN i;%ygf\a c_v%{'{lgg O
Fig. 3 Standard deviation of the insertion gain i : FE‘XTA’F%&"ﬂ e values ¥
0 T Ome oo woret eane 0 500000 le+06 1.52+06 28106
ST Fitted 1% worst case model ~+ | Frequency [Hz]
Fig. 5 Average crosstalk values
7 56 . |

[dB]

—40 L 1 L L
0 500000 le+06 1.5e+06 2e+06 2 5e+06

Frequency[Hz]
Fig. 4 The 1% worst-case model of the insertiomgai

Finally, the relationship between local loop

FEXT I - fitted —— |
0 FEXT N - fitted 3
FEXT A - fitied ~ ¥~

4.2 :
attenuation constantr] and local loop insertion gain 0 500000 let06 1.5e+06 26+06
(G) on a loop that is 1 km long is the followifgj: _ chqucn_cy _[HZI

a(f)=-G(f) [dB/km]. (11). Fig. 6 Standard deviation of crosstalk

- . Average FEXT-I, FEXT-N and FEXT-A are fitted
It is important to notice that the Eq. (11) ret”m%sing the following equation:

values in dB/km. This value ofr cannot be used _
= A+ +
directly in Eq. (6), because it has to be convetted He g (1) = A+20log(f) + G(T) [dB],(12)

Np/km. This can be done by dividing the result from . ,
Eq. (11) by 8.686. wheref is frequency in Hz, and values of parameter

are defined in Tab. 3.

Standard deviation (std) of FEXT-I, FEXT-N and
FEXT-A is fitted using the following equation:
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H. o (f)=A+B[f [dB], (13) 4.3 Other assumptions
. . As described in the subsectioh2, we make a
wheref is frequency in Hz, and values of parametergiginction between three different crosstalk typaie
ve determined bit loading using the Tab. 6, sadpl

A, B are defined in Tab. 4. Column “Var. res. h
represents variance of residuals and shows how 9989 the local telecom operator, in order to calailat

the fit is. . downstream bit rate of ADSL2+. Tab. 6 shows that
Tab. 3 Constants used in Eq. (12) — average valuesach additional bit results in an SNR increase oB3
FEXT Type A Var. res. Tab. 6 SNR to bit loading convention
FEXT-I -166.78 0.15441 SNR, [dB] bit loading
FEXT-N -167.434 0.251875 SNR < 2 0
FEXT-A -169.716 0.114676 21 NR< 24 L
. 24<SNR < 27 2
Tab. 4 Constants used in Eq. (13) 27< R < 3( 3
FEXT Type A B10® Var. res. 30< SNR < 37 4
FEXT-I 4.97806| -3.02109| 0.086704 33< SNR< 3€ S
C
FEXT-N 4.31021 50.8271 0.05616p6 36< NR< 3¢ 6
39<NR< 47 7
FEXT-A 4.68093 37.6218 0.0313 42 < S\R < 4E 8
-0 ' 3 3 ' 45< INR < 4¢ 9
: : : : 48< SNR< 51 10
51< SNR < 54 11
54< NR < 57 12
57< SNR < 6C 13
3 60< SNR < 67 14
NR = 63 15
In our application, value of power used on each
subchannel (tone) and on each pair is stored in an
Jues —— - array. Each ADSL2+ system uses maximum allowed
FI N - fitted —H— K . .
: FEXT A - Worst values —— power on each tone and complies with e Fig. 8
50 ; ‘ FEXT A — fitted —X—

shows the allocated power across all frequencies.

0 500000 le+06 1.5e+06 2e+06
Frequency [Hz]

Fig. 7 The 1% worst-case model of crosstalk

By closer examination of the Fig. 5, one can notic
that FEXT-l and FEXT-N values are close to eacl
other. This result can be explained as the resuhe
pair twisting inside a quad. Our model is based o
cables wherein all four wires in each quad aretegis
together forming so called star qudd$ Further on
by detailed examination of the figure Fig. 7 on@ ca
notice that, at the higher frequencies, our mdoted
on the ETSI model does not fit data well. This ban
explained with the peak in the standard deviatio
(similar to the peak for the FEXT-I at the frequgd
0.7 MHz). Worst case data is fitted using the eiquat
Eq. (13). Calculated constants for 1% worst case ar  Fig. 8 ADSL2+ downstream allocated power

presented in Tab. 5. The crosstalk type is determined using the lookup
Tab. 5 Constants used in Eq. (12) — worst caseesalu table that stores all possible crosstalk combinatio
As there are ten pairs, there are hundred different

ADSL2+ downstream spectra, ITU-T G.992.5
T T T T

-30

PSD, [dBm/Hz]

5 2 25
frequency, [Hz] x10°

FEXT Type A Var. res. combinations. The crosstalk is summed using the
FEXT-I -155.275 0.755976 FSAN method5].

FEXT-N -156.172 0.08538

FEXT-A -157.706 0.5079
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5 Results of Downstream Bit Rate 6 Conclusion

Calculation Crosstalk, as a major impairment of all DSL
We have performed calculation of the filling ratiotransmission systems, significantly reduces bie rat
versus the lowest bit rate per pair in a basic eabfnd reach of these systems. In this paper, we have

group. Furthermore, we have performed calculatioridesented bit rate calculation method based on
of the worst achievable bit rate for different loopParametric crosstalk models. The method is very

lengths and for different filling configurations.h&
worst achievable bit rate is a bit rate on theiwict
pair, which is defined in subsectighl. The results

suitable for copper quad cables, and it is a ugefull
for design of access networks and services.

The importance of our insertion gain and FEXT

are shown in Fig. 9 and Fig. 10. Both figures werenodels is their applicability to static and dynamic
generated under the assumption that every systes uspectrum management in relation to the process of

maximum allowed power.

S S S S Worst basic group filling, 0.2:
2.5¢+07 Worst basicg[gmgp fﬂli%g;o,

Lath

Worst basic groug fﬂlm%;
‘Worst basic group filling, T
Worst basic group filling.

2e+07
1.8e+07
1.6e+07
1.4e+07
1.2e+07
le+07
9e+06
Be+06
Te+06
Ge+06

Se+06

Line rate [Bit/s]

4e+06

3e+06 |-~

le+0d
o 40 50

Fill ratio [%]

100

Fig. 9 The worst cable filling

T
Best basic group filling; 0.25
Best basicg‘rgmgp fﬂli%g; 0.5

Best basic groug ﬁlhn%;
Best basic group filling, T.
Best basic group filling.,

b L

Line rate [Bit/s]

let+0d
o

40 30

Fill ratio [%]

Fig. 10 The best cable filling

It can be noticed that allocation of DSL systemsin

basic group has the major impact on the achievaible

rates. For example, when a loop is 1 km long, &ed t

filling ratio is 30%, the difference between thesbe
and the worst allocation of systems causes theatst
at the victim pair to decrease for more than 1 Mbit
Furthermore, by observing the achievable bit rdte
the 10% filling ratio and the 20% filling ratio, @an

be noticed that for the deployment of services withi7]

adequate quality of service (Qo0S) it is crucialise at

least static spectrum management (SSM). By usiag th

maximum allowed powers, bit loading per tone

higher frequencies is below acceptable values. This

effect is due to a crosstalk increase as a funation
frequency squared.
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local loop unbundling (LLU) which becomes a
necessity and lawful obligation for many operatiors
the world. This brings up the issue whether or not
number of transmission systems and their layout
inside a cable binder has great impact on a bét ot
each loop. An extensive measurements campaign has
been carried out by the local telecom operatoriteo

to address this question. We have concluded, fiam t
conveyed analysis, the following: 1) cable fillirgfio

and the allocation of the ADSL2+ systems inside the
cable binder have a major impact on the achievaible
rate on each subscriber loop; 2) in order to be
effective, LLU must be based on empirical crosstalk
models reflecting actual situation in twisted quad
cable infrastructure. Hence, our analysis indic#tes
the implementation of capacity demanding services
like IPTV necessitates spectrum management.
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