
Journal of ELECTRICAL ENGINEERING, VOL. 53, NO. 3-4, 2002, 91–96

THEORETICAL AND PRACTICAL LIMITS OF

TRANSMISSION CHANNELS USED BY THE ADSL

TECHNOLOGY IN THE METALLIC LINE’S ENVIRONMENT

IN THE ACCESS NETWORK IN SLOVAKIA

Rastislav Róka
∗

For successful expansion of new multimedia services through xDSL technologies in the access network in Slovakia, it
is necessary exactly to know miscellaneous features of real environments and particular transmission characteristics of
homogeneous symmetric lines. To evaluate the transmission channel limits, it is also unavoidable to know environmental
noise characteristics because of their negative influences on the transmitted information signals. This article comprehensively
discusses two qualitative parameters of metallic homogeneous lines — the channel capacity and the cut-off rate. Also, the
bandwidth efficiency is presented as a function of the signal-to-noise ratio for both parameters.
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1 INTRODUCTION

In the future, an integrated communication network
should be able to transport signals of many various kinds
of services and applications, including voice, video, data
and multimedia services, for a large amount of sub-
scribers. To accomplish this objective, the utilization of
already existing metallic parts of the access network ap-
pears as a good starting point. As a result of the effort to
utilize unloaded twisted-pair telephone loops to transport
high-speed signals, a family of xDSL technologies arises.
In present days, many various high-speed digital commu-
nication xDSL systems are proposed to transport digital
information signals through subscriber loop interfaces [1].

For successful expansion of new multimedia services
through xDSL technologies in the access network primar-
ily created from homogeneous symmetric lines, it is nec-
essary exactly to know miscellaneous features of real en-
vironments and particular transmission characteristics of
these lines. On this basis, it is possible to specify if there is
a potential to utilize the existing subscriber lines for the
transport of high-speed information signals. The trans-
mission capacity of the channel belongs to basic param-
eters that assign the quality of the metallic line. These
basic parameters of the internal environment for homo-
geneous symmetric lines are given primarily by material
and geometric characteristics of wires. In our analysis,
primary constants of the line — resistance, inductivity,
capacity and conductivity — are considered for given
core diameters accomplishing conditions of the standards
ETSI ETR 328 [2] and ANSI T1.413 [3].

Except for qualitative features of the subscriber line, it
is also unavoidable to know environmental noise charac-

teristics because of their negative influences on the trans-
mitted information signals. Noise resources of the real en-
vironment can be classified as performance limiting noises
or capacity limiting noises [4]. The performance limit-
ing noises (impulses, radiofrequency interference) are in-
termittent in nature, geographically variable and unpre-
dictable, and therefore are usually accounted for in plan-
ning rules by using a safety margin. The capacity limit-
ing noises (thermal noise, crosstalks) are usually slowly
changing, their noise levels are often predictable and rel-
atively easy to take into account in analyses. Just from
this reason, we focused on the best known noise types —
AWGN, NEXT and FEXT — in our analysis.

The goal of our analysis is to quantify qualitative pa-
rameters of metallic homogeneous lines, to assign the ex-
tent and the importance of negative environmental influ-
ences on the transmitted information signals and to spec-
ify numerically the upper limits in the term of the band-
width efficiency for both parameters the channel capacity
and the cutoff rate. The analytical output should be the
qualification of the correlation between these parameters
in dependence on various values for the signal-to-noise
ratio.

2 THEORETICAL PART

If the information rate R from the source is lower than
the channel capacity C (R < C ), then is theoretically
possible to attain the reliable, errorless signal transport
through the given channel using appropriate coding tech-
niques. On the other side, if the information rate is higher
than the channel capacity (R > C ), the errorless trans-
port is impossible irrespective of an amount of the signal
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Fig. 1. Frequency characteristics of noise powers for various noise
types
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Fig. 2. Channel capacity’s characteristics versus line length for
various core diameters of wires

processing realized in the transceivers [5]. A memoryless
communication channel’s capacity is usually calculated as
the maximum throughput, measured in information units
per second [bit/s], assuming a certain fixed symbol rate,
measured in symbols per second [symbol/s]. The capac-
ity of digital channels is generally dedicated by the basic
formula for the capacity of continuous flat channels with
the coloured Gaussian noise:

CCHANNEL =

∫ W

0

log2

(

1 + SNR(f)
)

df

=

∫ W

0

log
2

(

1 +
|HC(f)|2PSDS1(f)

|HX(f)|2PSDS2(f)

)

df [bits/s] (1)

where CCHANNEL is the channel capacity, SNR is the
signal-to-noise ratio in the real environment, W is the up-
per limit of the frequency range of the channel bandwidth,
HC is the transmission function of the channel path in
a complex form, PSDS1 is the power spectral density of
the information signal, HX is the transmission function
of the crosstalk path in a complex form and PSDS2 is
the power spectral density of the crosstalk signal.

Any physical system limits the available frequency
bandwidth because its transfer characteristic must even-
tually roll off at sufficiently high frequencies. This depar-
ture from a flat spectral shape translates into intersymbol
interferences in the time domain at high enough signalling
rates using those frequencies [6]. Except the bandwidth
limitation, several additive noise components impair a
transmission on the local loop, including the electronic
noise (generally white), the crosstalk noise coupled from
adjacent loops in the cable bundle between the customer
premises and the central office (usually non-white) and
the residual echo noise remaining after any echo cancel-
lation.

The simplest case of the noise is the white (ther-

mal) noise AWGN with the fixed standard level σ2

1
=

−140 dBm/Hz. We used the power spectral density for
the increased noise AWGN σ22 = N0/2 = −110 dBm/Hz.
The crosstalk is a case of the noise that arises from the
electromagnetic coupling of signals in various transmis-
sion paths where both pairs — the first pair (disturbing)
and the second pair (disturbed) of lines — are situated
in the same telephone cable bundle. At the information
signal transport, we distinguish two types of crosstalks
[7]:

– the near-end crosstalk NEXT — the NEXT trans-
mission path can be modelled using its transmission func-
tion HNEXT in the form

|HNEXT (f)|
2

= KNEXT · f3/2 (2)

where KNEXT = 0.882 × 10−14 · N0.6
d and Nd is the

number of disturbing pairs (disturbers).

– the far-end crosstalk FEXT — the FEXT transmis-
sion path can be modelled using its transmission function
HFEXT in the form

|HFEXT (f)|
2

= KFEXT · l · 3280 · f2 · |HC(f)|
2

(3)

where KFEXT = 3.083 × 10−20 and l is the line length
in km.

On the basis of the mentioned relations (2) and (3)
and by means of acquired findings about particular noise
types, we executed analytical computations and a simula-
tion of various environmental noise influences. Calculated
results are represented in Fig. 1.

Figure 1 represents frequency characteristics of noise
powers of the white noise, both types of the crosstalk and
their combinations for the line with a copper (Cu) core
diameter φ 0.4 mm, the line length of 1 km and input
signal power 10 mW. It is clearly seen that the largest
noise power is contained in the NEXT crosstalk and, in
the comparison with it, noise powers AWGN and FEXT
are neglected. From calculations and simulations, which
we performed, it is possible to draw a conclusion that
dependencies for other core diameters are very similar
dependencies. From our analysis also results that a noise
power of the FEXT crosstalk for longer line lengths is
expressively decreased.
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In the next part of our analysis, we researched the
influence of the core diameter of wires on the parame-
ter of the channel capacity and we focused on numerical
representations of this dependency. In Fig. 2, graphical
dependencies of the transmission channel capacity as a
function of line lengths are represented in the environ-
ment of the AWGN, with the input signal power 10 mW
and with the power spectral density of the downstream
signal ADSL PSDADSLds . It is clearly seen that the wire
with core diameter φ 0.9 mm has a better upper limit
than other wires, primarily for long line lengths.

Except influences of the white noise and crosstalks,
digital subscriber lines transmitting information signals
at very high-speed rates are also affected by impulse
noises. This influence of impulse noises on the perfor-
mance of xDSL digital systems in the environment of
metallic lines is a content of another of our studies that
calls for a construction of other mathematical techniques
and simulation methods.

If the environment is characterized with only a fixed
level of the AWGN, then there exists an optimal transmit-
ting spectral density that is band-limited [8]. The channel
capacity CNEXT in the environment with only the NEXT
will still not be affected by the shape of the frequency
spectrum PSDS(f), but only by the frequency range of
PSDS(f). At the assumption PSDS1(f) = PSDS2(f) it
is clear that the power spectral density PSDS(f) of the
signal with unlimited bandwidth maximizes the value of
CNEXT .

CNEXT =

∫ W

0

log2

(

1+
|HC(f)|2

|HNEXT (f)|
2

)

df [bits/s] (4)

In the case of a channel in the environment with only
FEXT, it is possible to draw an equivalent conclusion
for the channel capacity CFEXT — the channel capac-
ity is affected only by the frequency range of PSDS(f).
Of course, the value of capacity CFEXT is much less
than the value of capacity CNEXT , because the NEXT
crosstalk unlike the FEXT crosstalk signal does not prop-
agate through the whole line length and therefore has a
much more harmful impact on the transmitted informa-
tion signal, whereby the upper limit of CNEXT is expres-
sively decreased.

In the case that there exists a specific combination of
the above-mentioned noises and crosstalks (in addition
to the NEXT interference, the AWGN noise is also pre-
sented), then, eg , the channel capacity CNEXT−AWGN is
determined for the special type of signals under the con-
dition that the transmitted power P is constrained, ie

[8],

CNEXT−AWGN sup

∫ W

0

log
2

(

1+

|HC(f)|
2
PSDS(f)

|HNEXT (f)|
2
PSDS(f) + N0

2

)

df [bits/s] (5)

where the sup operation is carried out over all PSDs(f)
satisfying the average power constraint

2

∫

∞

0

PSDS(f)df ≤ P . (6)

While the channel capacity CCHANNEL determines
the limits of the error-free transmission at the infinite
circuit complexity in transceivers, the cutoff rate R∗

0
is

regarded as a practical transmission limit for the moder-
ate coding complexity [6]. We can calculate the cutoff rate
R∗

0
given the critical rate Rcr and the error exponent at

that rate Ecr (Rcr ).

R∗

0
= Rcr + Er(Rcr) . (7)

Here particular components in the environment with the
combination of NEXT and AWGN influences are given
by the following formulas

Rcr =

N
∑

n=1

W

N
log2

(

BcrH
2
n

wn + KnPn

)

[bits/s] (8)

Er(Rcr) =
WP

4Bcr
−

N
∑

n=1

W

N
log2

(

2 −
wn+KnPn

BcrH2
n

)

[bits/s]
(9)

where N is the number of parallel subchannels, W is the
upper margin of the frequency range of the channel band-
width, H2

n equals the power transfer gain of subchannel
n , P is the total input signal power, Pn equals the in-
put signal power assigned to subchannel n , wn equals
the two-sided additive Gausssian noise in subchannel n ,
Kn = KNEXT · f1.5

n is the NEXT noise in subchannel n ,
Bcr is a variable that is determined iteratively.

Each term in the sum of formulas (8) and (9) rep-
resents the contribution of the single-sided subchannel,
which is included into the total sum only if the formula
(10) is valid

Bcr ≤
H2

n

wn + KnPn
(10)

We must determine one variable iteratively. In our
case, it is the value of Bcr , which must satisfy the fol-
lowing power constraint

P =

N
∑

n=1

Pn (11)

where the input signal power assigned to subchannel n is
given as

Pn =
4Bcr

(

BcrH
2

n − wn − KnPn

)

2BcrH2
n − wn − KnPn

. (12)

The computing approach of the R∗

0 calculation is fol-
lowing: we guess a value for Bcr and the corresponding
power level for each subchannel is determined by rear-
ranging (12). Values Pn are determined for all subchan-
nels with nonzero input signal power level and then for-
mula (11) is checked for the equality. As necessary, a value
Bcr is iteratively adjusted.
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Fig. 3. Channel capacity characteristics versus line length for downstream (a) and upstream (b) ADSL signals for various environmental
types

Channel capacity (Mbit/s)

Input signal power (W)

5

10

15

20

25

0

3

2 1

4

5

a)

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

1 AWGN
2 FEXT
3 NEXT

4 AWGN+FEXT
5 AWGN+NEXT

Channel capacity (Mbit/s)

Input signal power (W)

1

2

3

4

5

0

3 2 1

4 5

b)

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

1 AWGN
2 FEXT
3 NEXT

5 AWGN+NEXT
4 AWGN+FEXT

Fig. 4. Channel capacity characteristics versus input signal power for downstream (a) and upstream (b) ADSL signals for various
environmental types
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Fig. 5. Cutoff rate characteristics versus line length for downstream (a) and upstream (b) ADSL signals for various environmental types

3 EXPERIMENTAL PART

On the basis of mathematical formulas and findings

mentioned in part 2, we performed the analysis of theoret-

ical and practical limits of transmission channels used by

the ADSL technology in the metallic line’s environment

in the access network in Slovakia. Analytical calculations

and simulations were executed for various characteristics
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Fig. 6. Cutoff rate characteristics versus input signal power for downstream and upstream ADSL signals for various environmental types
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Fig. 7. Characteristics of the bandwidth efficiency versus the
signal-to-noise ratio

of the metallic line’s environment and information sig-
nals transmitted by the ADSL technology. Results of our
analysis are presented in Figs. 3–7.

Graphical results from our analysis of the transmis-
sion channel capacity as a function of line lengths for
various environmental types for the line with core diam-
eter φ 0.4 mm and input signal power 10 mW and for
downstream and upstream ADSL signals are presented
in Figs. 3a,b. It is emerged from these graphs that the
channel capacity for the downstream signal is higher by
one order than the channel capacity for the upstream sig-
nal. It is possible to see that the values of the channel
capacity with increasing line length are largely falling for
dominant noises AWGN and NEXT.

In Fig. 4a,b, there are presented graphical results from
the analysis of the transmission channel capacity as a
function of input signal powers for various environmental
types for the line with core diameter φ 0.4 mm and line
length 1 km and for downstream and upstream ADSL
signals. It is emerged from these graphs that the chan-
nel capacities in the environment with only the NEXT

or the FEXT crosstalk are independent of the input sig-
nal power. For low values of the input signal power, the
main limiting environmental factor is the AWGN noise
and, for high values of the input signal power, the NEXT
and FEXT crosstalks become the dominant environmen-
tal influences.

Graphical results from the analysis of the transmission
cutoff rate as functions of line lengths and input signal
powers are presented in Figs. 5a,b and Figs. 6a,b. It is
obvious that the characteristic dependences of both qual-
itative parameters — the channel capacity and the cutoff
rate — are very close.

To compare the channel capacity and the cutoff rate,
and to use them in our next analysis, we used a param-
eter called bandwidth efficiency. Figure 7 illustrates the
characteristic of the bandwidth efficiency as a function
of the signal-to-noise ratio. This dependence represents
the correlation between theoretical and practical limits of
qualitative parameters for homogeneous symmetric lines,
specifically for a line with core diameter φ 0.4 mm, line
length 1 km and in the AWGN environment. At low SNR
values, the difference between C and R∗

0 is increased
since the white noise dominates the performance. At high
SNR values (approximately from the 40 dB value), the
difference is invariant and has a value ≈ 1.85 bit/s/Hz.

4 DISCUSSION

In this article, the channel capacity and cutoff rate
formulas are derived for transmission channels corrupted
by various types of noise influences and their combi-
nations. Using these formulas, we calculated the maxi-
mum throughputs (theoretical and practical) attainable
on metallic homogeneous lines.

The most important negative influence of the real
environment is the NEXT crosstalk, which has a noise
power more than 2 orders higher than the AWGN and
the FEXT. The FEXT noise power is strongly decreasing
with an increasing length, but at short lengths of metallic
lines using xDSL technologies it is necessary to take this
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influence into account, above all for asymmetric applica-
tions at very high downstream rates.

For a prospective utilization of metallic lines by means
of xDSL technologies, for instance in combination with

optical networks, it is necessary to consider the utilization
of new metallic homogeneous lines with a larger core

diameter (φ 0.9 mm) or replacement of old subscriber
shunts by new ones.

From graphical characteristics of the channel capacity

and cutoff rate, it follows that actual metallic lines are not
effectively utilized for information signal transport at very

high-speed rates and there still exist possibilities to reach
an increase in transmission rates closer to their practical

limits for both downstream and upstream directions of
the transport.

At low values of the SNR ratio, the main environmen-

tal negative influence is the AWGN, because this type of
the noise is always present on the line, and the NEXT

and FEXT noise powers are low due to low input signal
powers. In this case, the difference between bandwidth

efficiencies expressed in bit/s/Hz for the channel capac-
ity C and cutoff rate R∗

0
is increasing. However, at high

values of input signal powers, the value of the SNR ra-

tio is also increased and the NEXT crosstalk becomes a
dominant influence. In this case, parts of the curves for

the bandwidth efficiency for C and R∗

0 are nearly parallel
and the difference between them becomes unvaried.

5 CONCLUSION

From the analysis of the channel capacity and the cut-
off rate in various types of environmental influences, it
follows that the present bit rates on metallic subscriber

shunts in the access network in Slovakia are deeply be-
low their theoretical limits. This conclusion indicates that

an effort for the proposal of new modulation techniques
utilized by xDSL modems has to be more intensive for

solving the “bottleneck” problem in the access network
consisting from metallic homogeneous symmetric lines.
Effective utilization of metallic lines for broadband signal

transports allows fast and cheap expansion of high-speed
data and multimedia services for a large amount of sub-

scribers.

6 APPENDIX –– ABBREVIATIONS

ADSL – Asymmetric Digital Subscriber Line
FEXT – Far End Crosstalk
ANSI – American National Standard Institute
NEXT – Near End Crosstalk
AWGN– Additive White Gaussian Noise
PSD – Power Spectral Density
ETSI – European Telecommunications Standards

Institute
SNR – Signal-to-Noise Ratio
xDSL – “x” Digital Subscriber Line
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