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Abstract - In this paper, based on the results 
of an extensive measurement campaign executed in 
the city of Amsterdam, a channel model for the 
residential power line channel (RPLC) used as a 
digital communications channel is presented. From 
this model bounds for the channel capacity of such 
a channel, used under European regulations are 
calculated. It is concluded that it is indeed theore- 
tically possible to us the RPLC to solve the local 
loop problem in a second, fixed line telephone 
network. 

During the last few decades electricity companies 
have invested a lot in setting up a telecommunication 
infrastructure in parallel with their power lines. The 
main goal of this telecommunication network was 
signalling, allowing communication between a central 
point (i.e. the control station) and elements making 
up the electricity transportation network (e.g. trans- 
formers and circuit-breaking switches). Furthermore, 
by means of these telecom-lines the generators inside 
separate energy-plants can be kept in perfect 50 Hz 
synchronization. 

Meanwhile, thousands of kilometers of high-quality 
glass-fibre (primarily concentrated to the high-voltage 
transportation network) and copper twisted pair 
connections (in parallel to the medium voltage dis- 
tribution lines) are available. Because of this network, 
most electricity companies now have a modem tele- 
communication network at their disposal, with high 
quality glass-fibre back-bones spanning entire regions 
and even countries and twisted pair lines reaching 
almost all distribution transformers. Since in most 
European countries a very high percentage of the 
customers live within a 400 m radius of such a 
distribution transformer, only these last 400 m have 
to be bridged in order to set up a second fixed line 
tele~ommunication network, an issue which has 
gained a lot of attention due to the fact that in Europe 

on January lSr 1998 the national PTT's lose their 
monopoly position on fixed line telephony. 

However, although it seems simple to bridge this last 
gap between the distribution transformer and a costu- 
mer, a distance of typically less than 400 m, reality is 
somewhat different. Not the distance is the main 
problem, but the number of lines that would be 
necessary. In a city like Amsterdam about 500,000 
connections would have to be realized, meaning a 
total of more than 50,000 km of copper wire! There- 
fore, although it seems like the largest portion of the 
infra-structure for a fixed telephony network is alrea- 
dy present, more than 50% of the total costs still has 
to be made. 

When it would be possible to use the RPC-lines 
(which are already available, connecting every house- 
hold with a distribution transformer) for digital 
speech communications, the "missing link" could be 
realized on a very low-cost basis. However, due to 
the fact that only very little knowledge existed con- 
cerning the parameters that make up the RPC-channel 
(like noise, signal-attenuation, etc.), until now no 
clear statements could be made with respect to the 
(theoretical) possibility of setting up an RPC-based 
second fixed telephone network. 

In this paper, based on a model of a European style 
low voltage RPC resultings from an extensive measu- 
rement campaign executed in the city of Amsterdam, 
the channel capacity of such a network is calculated. 

A typical European-style low voltage power-line 
circuit has the following main characteristics: 

3 phase system, 400 V between phases; loads are 
typically connected between a phase and zero 
(-> 240V). Heavy loads are connected between 
two phases: In certain older RPC's the voltage 
between phases is 240 V. In this case loads are 



connected between two phases. 
50 Hz power cycle. 
Typically 400 houses are connected to a single 
distribution transformer in a city environment; 
these houses can be found in a circle with an 
average radius of 400 m. 

For Westem-Europe (i.e. the countries forming the 
European Union plus Norway and Switzerland) 
regulations concerning RPC-communications are 
described in EN 50065, entitled "Signalling on low- 
voltage electrical installations in the frequency range 
3 kHz to 148.5 kHzw. This European Norm replaces 
the individual standards that existed per country. In 
part 1 of this EN-standardization-paper, entitled 
"General requirements, frequency bands and electro- 
magnetic disturbances " [I], the allowed frequency 
band and output voltage for communications over the 
RPC are indicated. 

The ffequency range which is allowed for communi- 
cations ranges from 3 to 148.5 kHz and is subdivided 
into five sub-bands: 

Frequency band from 3 to 9 kHz: 
The use of this frequency band is limited to energy 
providers; however, with their approval it may also 
be used by other parties inside the consumers 
premises. 
Frequency band from 9 to 95 kHz: 
The use of this frequency band is limited to energy 
providers and their concession-holders. This fre- 
quency band is often referred to as the "A-band" 

(due to the fact that the frequency band from 3 to 
9 kHz was defined in a later stage, no "letter" 
description exists for it). 
Frequency band from 95 to 125 kHz: 
The use of this frequency band is limited to the 
energy providers' costumers; no access-protocol is 
defined for this frequency band. This frequency 
band is often referred to as the "B-band". 
Frequency band from 125 to 140 kHz: 
The use of this frequency band is limited to the 
energy providers' costumers; in order to make 
simultaneous operation of several systems within 
this frequency band possible, a carrier-sense 
multiple access-protocol using a center frequency 
of 132.5 kHz was defined. Details concerning this 
protocol can be found in [I]. This frequency band 
is often referred to as the "C-band". 
Frequency band from 140 to 148.5 kHz: 
The use of this frequency band is limited to the 
energy providers7 costumers; no access-protocol is 
defined for this frequency band. This frequency 
band is often referred to as the "D-band". 

The maximum allowed transmitter output voltage is 
defined as follows: 

For the frequency band from 3 to 9 kHz: 
The transmitter should be connected to a 
50 Q//(50 pH + 1.6Q) RPC-simulation-circuit. In 
principle the transmitter output voltage should not 
exceed 134 dB(pV) = 5V. 
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/ For the frequency band from 9 to 95 kHz: 
The transmitter should be connected to a 

i 
I 50 Q//(50 pH + 5 Q) RPC-simulation-circuit. 
, Different ~ ~ x ~ I I N . U ~  transmitter output voltages 

apply for narrow-band (i.e. a 20-dB bandwidth of 
less than 5 kHz in width) and broad-band trans- 
mitters: 
- Narrow-band signals: 

The maximum allowed peak voltage at 9 kHz 
equals 134 dB(pV) = 5 V, exponentially de- 
creasing to 120 dB(pV) = 1 V at 95 kHz. 

- Broad-band signals: 
The maximum allowed peak voltage equals 
134 dB(pV). 
Furthermore, in any 200 Hz wide frequency 
band the maximum transmitter output voltage 
should not exceed 120 dB(pV). 

For the frequency band from 95 to 148.5 kHz: 
The transmitter output voltage should not exceed 
116 dB(pV) = 0.63 V. In certain cases an excep- 
tion can be made allowing 134 dB(pV). 

111. A MODEL FOR A EUROPEAN-STYLE RPC 

The earliest RPC-model that could be found in litera- 
ture was presented in [2]. Basically, it is a time- 
variant linear filter channel model, moderated to 
incorporate the effects of 60 Hz synchronous (Canadi- 
an RPC) signal- and noise-fading that were reported. 
In [3] an RPC-channel model is presented, based on 
a set of time-variant linear filter channels, one for 
each frequency under consideration. A more practical 
RPC-channel model is given in [4]. Basically, this 
model again is the standard time-variant linear filter 
model. However, the additive noise in this model is 
recognized to originate from many different sources, 
each one with it own specific transmission path (and 
thus with its own time-variant linear filter) to the 
receiver. This allows to take into account a finite 
number (i.e. the most important) of noise sources. 
The model is therefore specifically suited to describe 
the channel between a given transmitter- and receiver- 
location pair. All noise-sources in that area can then 

be taken into account, leading to a very accurate 
channel description. This accuracy, however, makes 
the model less suited as a general channel model, i.e. 
applicable to describe the ensemble of all possible 
RPC-channels. 

The relatively large differences in channel parameters 
(i.e. noise and signal attenuation) as a function of 
time and transmitter-/receiver location, which were 
measured in the RPC of the city of Amsterdam and 
reported in [5], already imply that for a general RPC 
channel model statistical description methods have to 
be used. With a general model here a model is meant 
that is applicable for "all" possible sets of transmit- 
terlreceiver- location pairs, where the word "all" is 
put between quotes because the author is well aware 
that it will probably be possible to find an RPC- 
channel somewhere, which falls outside of the propo- 
sed general model; the word "all" should therefore be 
read as "a very large percentage (e.g. > 98 %) of all 
possible RPC-channels". It should furthermore be 
noted that the quantitative aspect of the model propo- 
sed hereafter is only valid for the CENELEC A-band 
(i.e. the frequency band from 9 to 95 kHz) and 
primarily based on the measurement results obtained 
in the city of Amsterdam. This is a fully meshed. 
underground RPC, with large distribution transfor- 
mers supplying typically around 400 households each. 
For other RPC-network types the quantitative part of 
the proposed model may differ. However, it is expec- 
ted from the results reported in other publications 
(e.g. [6]) that the qualitative nature of the proposed 
model (i.e. the model as displayed in Fig. 2) is also 
applicable to other RPC-types. 

Because the measurement results discussed in [5] 
showed no indication for a correlation between noise- 
power and signal-attenuation, like the RPC-channel 
models mentioned before, the RPC-channel model 
proposed here is based on the linear, time-variant 
filter channel with additive noise. A schematic repre- 
sentation of the model is given in Figure 2. 
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Fig. 2 The proposed RPC-channel model 



Concerning the two main elements of the model. i.e. 
the linear, time-variant filter and the additive noise, 
the following can be said: 

The linear, time-variant filter: 

j As the general expression for a filter- or transfer 
I function HCf,t) given in equation (1) shows, the 

transfer function can be split up in a real part e-aKo 

I equal to the signal attenuation and an imaginary 
part ejUo equal to the phase-shift introduced to the 
signal. With respect to these two elements, the 
following can be stated: 

Signal attenuation: 
The measurements [5] show that the amount of 
attenuation introduced to a signal transmitted 
over an RPC-line is approximately frequency- 
and time-independent for a given location. The 
level of attenuation increases as the distance 
from the transmitter increases. The analysis of 
signal attenuation along an RPC-line and the 
topology of an RPC-network seem to support a 
more or less exponential relation between the 
signal attenuation level a and the distance d 
between transmitter and receiver. The attenua- 
tion part of equation (1) can therefore be written 
as e-"(@. The measurements show that attenuation 
levels range from around 40 dB/km to more 
than 100 dB/km. Equation (1) then becomes: 

duced to the signal as a function of frequency. It 
is therefore unknown whether bV) increases 
linearly with increasing frequency. However, 
due to the good results that have been achieved 
with respect to DS/PSK transmission schemes 
without equalization filters, such a linear increa- 
se is likely. We therefore postulate (given the 
remark concerning the phase-jitter mentioned 
above): 

Additive WC-Noise: 
From the around 700 noise-spectra that were 
obtained and to some extent analog to [6], the 
noise on the RPC can be considered to be a sum- 
mation of four noise types: 

a. Background noise (noise type a): 
That portion of the noise that remains when 
subtracting all other three noise types from the 
total noise measured at a certain location. 
Unlike the other noise types it is always pre- 
sent. 

Overall, back-ground noise power decreases 
for increasing frequencies. From the ensemble 
of 700 measured noise spectra, it could be 
shown that the background noise at a certain 
location, at an arbitrary time for frequencies 
within the CENELEC A-band in a good ap- 
proximation is equal to: 

with a assuming values in the range from 0.004 
(= 40 dB/km) to 0.01 ( = 100 dB/km). Measu- 
rements were performed on too few sites to 
make accurate statements concerning the actual 
probability density function of a over the range 
from 0.004 to 0.01. 

Phase shift: 
The phase shift measurements [5] showed that 
the phase shift introduced to a signal a t  a given 
frequency is more or less time-independent. The 
"more or less" points to the constant jitter of up 
to 10" that was measured with respect to the 
reference sine-wave. Due to this phase-jitter, 
simple phase modulation techniques (like e.g. 
BPSK) can be expected to work without a pro- 
blem, but more complex ones (like e.g. 16-PSK 
or 64-QAM) may not. No measurements were 
performed with respect to the phase-shift intro- 

where K is normally distributed with an aver- 
age 1.1 = -8.64. The standard deviation o of K 
equals 0.5. 

b. Impulse noise, also referred to as noise type 6: 
All those disturbances on the RPC which last 
for a very small fraction of time, typically (but 
not necessarily) less than 100 ps. 

The bulk of the impulses occurring on the RPC 
have a width that is typically less than 100 ,us 
[7]. Impulse amplitudes typically lie more than 
10 dB above the average background noise 
level and can exceed 40 dB roughly seems to 
be confirmed by the measurements [7]. 

Impulses originate from many different and 
uncorrelated sources. Therefore, although not 



confirmed by our measurements or literature, it 
seems fair to assume that noise impulse arrival 
has (approximately) a Poisson distribution with 
arrival rates in the order of 0 r X I 0.5 
impulses per second. 

c. Noise synchronous to the power system fre- 
quency, also referred to as noise type c: 
A train of noise impulses in the time domain, 
arriving every ll(k*f,,,) seconds, with k an 
integer, usually k = 1 or k = 2. 

Separate impulses are not so powerful and only 
play a role when type a-noise levels are low. 
Furthermore, the chance that type c-noise is 
found at a certain moment at a given location 
is relatively small. 

d. Narrow-band noise, also referred to as noise 
type d: 
Noise confined to a narrow portion of the 
frequency band. Possible at any frequency 
within the CENELEC A-band, but most likely 
at television related frequencies (i-e. 31, 47, 
62, 78 and 94 kHz). 

Although exceptions exist, normally type d- 
noise only plays a role when type a-noise 
levels are low. 

IV. RPC-CHANNEL CAPACITY BOUNDS USING THE 
SHANNON-HARTLEY THEOREM 

The title of this section might seem a bit strange at 
first glance: channel capacity in itself is a bound and 
the title of section might therefore be interpreted as 
"finding bounds for a bound". In fact this interpreta- 
tion is correct, but does need some explanation: 

As is well know from information theory, channel 
capacity (as it was first defined by Shannon is his 
famous 1948-paper [8]) is a figure for the maximum 
number of bits per second that can be transmitted 
error-free over a certain channel. It thus represents a 
bound for that channel, i.e. a channel with fixed 
properties. Now, as was shown in the previous sec- 
tion, the RPC-channel can not be treated as a single 
channel with fixed properties. A given RPC-channel 
represents one out of an ensemble of (infinitely) many 
possible channels. It is therefore impossible to calcu- 
late the channel capacity for the RPC-channel. The 
approach taken here therefore is to first find accep- 
table bounds for the ensemble of all possible RPC- 
channels (in the form of a worst-case and a best-case 
channel) and then to calculate the channel capacity for 

those bounding channels. The channel capacity of a 
certain RPC-channel will then lie somewhere between 
these bounds. 

In this section rough bounds for the channel capacity 
are obtained by bounding the best case and worst case 
noise levels by additive white Gaussian noise. This 
allows the use of the Shannon-Hartley capacity theo- 
rem. given by: 

[bitls]. 

Since W in equation (5) is fixed by the CENELEC- 
regulations to 86,000 Hz (i.e. the bandwidth of the 
A-band, 9-95 kHz), the only bounds that have to be 
found to complete calculation of (5) are bounds for S, 
the total received signal power, and No, the single- 
sided noise power spectral density of the white noise 
at the receiver. 

As was indicated in section 11, the CENELEC-specifi- 
cations define a maximum transmitter output voltage 
rather then a maximum output power. For a broad- 
band transmitter this voltage should not exceed 
134 dB(pV) = 5.0 Volt. Because of the fact that the 
RPC-impedance is by no means constant, as was 
shown in [5], the output power of a transmitter that 
tries to transmit at maximum allowed voltage can also 
vary over a wide range. Since the channel impedance 
can assume extremely low values, the transmitter 
output power is normally upper limited by the maxi- 
mum power the transmitter is designed for, rather 
then by S,  = 251 1 Z,, 1 where 25 is the square root 
of 5 V and IZ,,I the RPC-channel impedance. In 
fact, unless the transmitter is able to transmit at very 
high output levels (i.e. S ,  > 50 W), generally the 
transmitter output power will be equal to the maxi- 
mum transmitter output power due to the very low 
network impedances. 

In the following the transmitter output power will 
therefore be assumed to be equal to 25 W. It can be 
shown that the outcome of the following analysis 
would only differ slightly, for other practical trans- 
mitter power levels, 10 I S,  I 50 W ,  primarily 
due to the fact that S,  is located under the log sign in 
equation (5). 

We assume that no coupling losses occur (i.e. a 
transmitter output impedance equal to 0 a). The 
transmitter output power therefore remains 25 W, 
independent of the RPC-impedance. 



On the channel the transmitted signal is attenuated by 
a factor which, according to the channel model 
presented in the previous section for a best case 
scenario is equal to 40 dBIkm and for a worst case 
scenario is equal to 100 dBIkm. According to (3) this 
leads to a received signal power equal to: 

sre,  best 
(d)  = 25 * ~ O - O . ~  * [w , (6) 

sre, worn 
(d) = 25 * 10-0.0'0 * d [Jq . (7) 

In equations (6) and (7) d represents the distance 
between transmitter and receiver in meters. 

According to the channel model presented in the 
previous section, based on the measurements perfor- 
med in Amsterdam, the noise that occurs on the 
power-line channel is a summation of background 
noise (type a-noise) and impulse noise (type b-noise), 
in some cases complemented by 50 Hz synchronous 
noise (type c) and fixed frequency noise (type 6). 

I 
In a best case channel only type a-noise is present. 
Due to the fact that the level of type a-noise accor- 
ding to equation (4) has a Gaussian distribution, in 
principle the best case type a-noise level is zero, 
although the chance that this level is ever reached 
is infinitely small. Of course, such a best case level 
results in unworkable results (the best case capacity 
would be equal to infinity, the worst case capacity 
zero). Therefore we define the best case type a- 
noise level to be equal to equation (4) with 
K = p - 20 = -9.64. What results is the best case 
single sided noise power spectral density: 

Nre, bat  
(f) = loc-9 .M - "" l0-'f) [ WIHz] . (8) 

Due to the proposed choice of K, 97.72% of the 
channels in the ensemble of all possible channels 

has type a-noise levels equal or higher than equa- 
tion (8). 

In a worst case channel apart from worst case 
type a-noise, also the other three noise types are 
present. As defined in the channel model, however, 
type c- and type d-noise only play a role of impor- 
tance in case type a-noise levels are relatively low. 
Since in this case type a-noise is assumed to be 
maximum, type c- and type d-noise can safely be 
neglected. Also a large portion of the impulse noise 
(noise type b) can be neglected for the same rea- 
son. Only the very strong noise impulses come 
through and dominate the noise at the moment of 
their occurrence. Due to the fact that the impulse 
arrival rate of such strong impulses is very small 
compared to the targeted bit-rates and in order to 
simplify the calculations that are to follow, also 
type b is neglected in the following. 

Analog to the best case noise, we define the worst 
case RPC-channel noise to be equal to the worst 
case type a-noise, with K = p + 20 = -7.64 in 
equation (4). What results is the worst case single 
sided noise power spectral density: 

Nw, worn 
( f )  = lo(-7.6" - 3.95 10 'f) ' WIHz] . 

Again, due to the proposed choice of K, 97.72 % of 
the channels in the ensemble of all possible chan- 
nels has type a-noise levels equal to or lower than 
equation (9). 

Both the best-case (8) as well as the worst-case (9) 
noise levels as a function of frequency are depicted in 
Figure 3. Due to the choice of K = p + 2a, from 
the ensemble of all possible channels at least 95% fit 
within these best- and worst-case levels. 
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Fig. 3 Best- and worst case RPC-channel noise levels and the AWGN-noise levels that serve as bounds 
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In a first approximation, in order to be able to apply Finally, in order to obtain an expression for the best 
the Shannon-Hartley formula as given by equation case channel capacity, equations (6) and (10) should 
(51, we bound the RPC-noise bounds given by equa- be filled in in equation (5). .Similar, for the worst 
tions (8) and (9) by appropriate additive white Gaus- case channel capacity, equations (7)- and (1 1) should 
sian noise (AWGN-)levels: be introduced. Since the received signal power S, in 

equations (6) and (7) are a function of the distance 

N, ,,,, best (f) = N,, (95000) = 4.1.10-14, (10) between transmitter and receiver d, also the capacity 
bounds are a function of distance. 

NAwGN. ,,r(f) =NET -( 9OOO)= 1.0.10-5 (11) 

25 * 10 -0.004 * d I [bitsls] , 
4.1 10-l4 * 86000 

25 * 10 -0.01 * d 
C,,,(d) = W log, 1 + - = 86000 log, 1 + [ 2w) [ 1.0 * 86000 1 [bitsls] . . 

The capacity bounds corresponding to equations (12) and (13) are depicted as a function of distance between 
transmitter and receiver in Figure 4. 
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Fig. 4 RPC-channel capacity bounds, based on white noise approximation 
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V. RPC-CHANNEL CAPACITY BOUNDS USING THE 
" WATER-FILLING" APPROACH 

Equations (12) and (13) already give some basic 
insight in the channel capacity of an RPLC-channel. 
The main problem with equations (12) and (13), 
however, is the fact that the white-noise approxima- 
tion which was used to come to these equations led to 
relatively rough bounds. The actual bounds will lie 
somewhere between the best- and worst case curves 
displayed in Figure 4, but where is still unclear. 

To come to more accurate bounds a calculation 
method should be used, in which equations (8) and 
(9) can be introduced directly. Such a method was 
found in the so called "water-filling" approach, which 
will be briefly explained hereafter and then applied to 
the RPLC-channel model as proposed in section 111. 
For a very elaborate treatment of the "water-filling" 
approach the reader is referred to [9]. 

The water-filling approach is applicable for any linear 
filter channel with additive Gaussian noise (i.e. white 
or non-white), an example of which is shown in 
Figure 5. 

Fig. 5 Linear filter channel with additive noise 

For the linear filter channel with additive noise as 
displayed in Figure 5 it can be shown that the channel 
capacity is equal to [9]: 

where F, is the range off for which: 

B being the solution to: 

The example shown in Figure 6 clarifies how equa- 
tions (14) to (16) should be interpreted. 

Fig. 6 Interpretation of input power for capacity [GAL681 

Figure 6 clearly shows that the power spectral density 
for the channel input x(t)  that achieves capacity is 
equal to: 

Figure 6 and equation (17) make clear why the above 
often is referred to as "the water-filling approach": it 
is as if into a container with a bottom described by 
the function NV)II H a  1'  an amount S of "water" is 
poured in. The resulting water-level in the container 
is equal to B. The way in which the "water" is dis- 
tributed over F, (i.e. the area were the water level is 
larger than 0) then gives an indicating how the input- 
power should be distributed over the frequency band 
F, in order to achieve capacity. 

Since the RPC-channel according to the model pre- 
sented in section I11 is a linear filter channel with 
additive noise, the water-filling approach can be used 
to come to tighter bounds for the RPC-channel capa- 
city than the ones calculated in the previous chapter. 

As a first step we define the channel filter, equal to 
the CENELEC A-band: 

9000 I 1 f  1 5 95000 

H ( f >  = 

elsewhere. 

With respep to the noise power spectral density it is 
important to notice that N a  in equations (14) to (17) 



refers to a double sided noise power spectral distribu- equations (8) and (9) is necessary in order to be able 
tion, whereas the N,V) in equations (8) and (9) refer to apply equations (14) to (17): 
to single sided spectra. Therefore a transition of 

When introducing equation (18) and equation (19) or 
(20) into equation (16), B can be calculated as soon 
as FB is known. With respect to this FB, taking into 
account the monotonous decreasing character of (19) 
and (20) in principle the problem of solving equation 
(16) can be split into two different solution regions: 

Region 1: 
FB = [-95000,-90001 U [9000, 95000]; 
Solution region 1 is valid for small trans- 
mitterlreceiver distances d. Here the received 
signal power is still relatively large, resulting in 
enough power to fill the entire bottom of the con- 
tainer in the water-filling interpretation. 

Region 2: 
FB = [-95000,-XI U [x, 950001; 9000 < x < 95000; 
Solution region 2 is valid for large(r) trans- 
mitterlreceiver distances d. Here (due to the signal 
attenuation over the RPC-line) no longer enough 
power is left to fill the entire bottom of the contai- 
ner in the water-filling approach. The water (read 
"power") gathers in the deepest parts of the contai- 
ner. 

In Figure 7 the two solution regions have been drawn 
in a similar way as the example given in Figure 6. 

Fig. 7 Solution regions (left complies to region 1) in the water-filling interpretation for the calculation of the RPC-channel capacity 

SOLUTION REGION 1: 

For a worst case RPC-channel, in equation (16) B should be the solution to: 



-- 

95000 

S = 25.10-0.01d = 7 - * J I B  - N ( f ) l d f  
9000 

95000 

= 2 ~ f 1 ~  - 10-7.' / 10-3.95 10 ' f  df 
9000 

10-7.64 95000 
= 172000B + 10-3.95 lo - j f  

3.95 10-j In (10)  I_ 
= 172000B - 1.1 

25 .lo -0.01 d 
- B  = + 1.1 10-4 

172000 

= 1-45 .lO-O.O1d + 6-46 . 

As can be seen in Figure 7 on the transition point between solution region 1 and solution region 2, the 
following is valid: 

S, (9000) = B - N(9000) = 0 . 

From (23) it follows that the largest value for d for which solution region 1 is still applicable is equal to: 

B = 1-45 .10-4 .10-0.01d + 6.46 .10-10 = N(9000) = 10-7 94 - 3.95.10 '. 

10-O.O'd = 3-05 -10-5 

- d = 452 [m]. 

The worst case channel capacity as a function of distance between transmitter and receiver in the area d = 
[0,452] can then finally be found from equation (14): 

1.45 -10-4 .10-0.0ld + c = log, 
9000 

9 5  

( 10-7.94 - 3.95 10 ' f 
95000 

df 

95000 

= / log, ( 1.45 .10-q104~01d+ 6.46 -10-lo) df - / log, ; 2 (l0g21O)(-7.94 - 3 95 10 jf) 

9000 9000 
I df 

95000 

= 86000 log, ( 1.45 .lO-O.O1d+ 6.46 -10-lo) + log, 10 - / (7.94 + 3.95 lo-' f ) df 
9000 

= 86000 log, ( 1.45 .lO-O.O1d+ 6.46 -lo-'') + 2.9 lo6. 

This has been plotted in Figure 8 (worst case line, for 0 I d 5 452). 



1 . For the best case RPC-channel, calculation of the channel capacity goes in a very similar way. In this case B 
I is equal to: 
1 

The largest value for d for which solution region 1 still applies in this case is equal to 1629 m. From equation 
(14) the best case RPC-channel capacity for distances d in the area [0,1629] can then be shown to be equal to: 

C,,, ( d )  = 86000 log, ( 1.45 . 1 0 - ~ . ~ +  6.46 -10-12) + 3.4 lo6. (26) 

This has been plotted in Figure 8 (best case line, for 0 I d r 1629). 

As can be seen in Figure 7, in the calculations concerning solution region 2 a new variable x is introduced, 
indicating the frequency range for which equation (15) is valid, i.e. F, = [-95000, -x ] U [x, 950001, 
9000 < x < 95000. Due to this extra variable x, calculating the channel capacity as a function of d analytically, 
as was done in solution region 1, is no longer possible. However, both the channel capacity C as well as the 
distance between transmitter and receiver d can be expressed as a function of x. From this, a graph for C(d) can 
be easily drawn, using x as a mutual parameter. 

For a worst case RPC-channel, it is already known from the calculations concerning solution region 1 that 
solution region 2 is valid for transmitterlreceiver-distances d > 452 m. 

Since N(n is a monotonous decreasing function off, at the lowest positive frequency which is still part of FB, 
i.e. f = x the following always holds: 

Using equation (27) the distance between transmitter and receiver d as a function of x can be found by solving 
equation (1 6) : 



By combining equations (14), (18) (20) and (27) an expression for the channel capacity C as a function of x can 
be found: 

= / log, (10 -3.95 lo-'") df - 1 log, (10 -3.95 lo-'f) df 

95000 

= (95000 - x )  log, '"") + log, 10. / 3.95 10" f df 
K 

= (95000 - x) log, lo-'-") + 6.56 10" ( 95000' - x ' ). 

In Figure 8 the combination of equations (28) and (29) using x as a mutual parameter has been plotted (worst 
case line, for d 2 452). 

For a best case RPC-channel, it is already known from the calculations concerning solution region 1 that 
solution region 2 is valid for transmitterlreceiver-distances d > 1629 m. 

Similar to equation (27) for the best case channel B can be shown to be equal to: 

B = 10-9.94 - 3.95.10-j.1 

The distance d as a function of x in this case is equal to: 

d (x) = -250 . loglO[9.2 lo-" ( -x .lo-'." lo.'" + 8.4 104 10-3.9510'~ + 1-94)] (31) 

and the channel capacity C as a function of x is exactly the same as equation (29) 

In Figure 8 the combination of equations (29) and (31) using x as a mutual parameter has been plotted (best 
case line, for d 1 1629). 
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Fig. 8 RPC-channel capacity bounds based on "water-filling" (solid lines) and 
white noise approximation (dashed lines) [from Figure 41 

VI. CONCLUSIONS 

As was mentioned in the introduction to this paper, 
most energy providers in Europe already have a 
telecommunications network that reaches all the way 
down to the medium-/low voltage transformers. 
When using the RPC to bridge the remaining gap 
between the transformer and the customer, the follo- 
wing two points should be noted: 

In a typical RPC in a city like Amsterdam, each 
medium-/low voltage transformer supplies-power to 
around 400 households; 
These households are normally located within a 
distance of 400 to 500 m from the medium-/low 
voltage transformer. 

Both of these points speak in favor of using some 
kind of master-slave architecture when setting up an 
WC-based telephone network, the master (often also 
referred to as "the concentrator") located close to the 
transformer and the slave-units (e.g. in the form of 
telephone-equipment) inside the consumers premises. 
In this way distances that have to be bridged are 
usually smaller than 500 m, which according to 

Figure 8 still ensures a worst case channel capacity of 
3 -105 bitis. 

The main question now is whether a channel with a 
capacity of at least 3.105 bit/s is sufficient to provide 
a reliable telephone connection for 400 households. In 
principle with modem vocoders speech can be trans- 
mitted at near-toll-quality at rates of 4.8 kbps. This 
means that theoretically it is possible to provide 
n = 62 speech channels per medium-/low voltage 
transformer, which should be shared by 400 house- 
holds. When allowing the probability that all channels 
are occupied, (i.e. that an arriving call will be blok- 
ked) to be equal to B(n,a) = 0.5% the Erlang B 
formula 

shows that a traffic intensity a of 46.5 Erlang can be 
supported over distances up to 500 m. Since the 



traffic intensity a = Xlp (i.e. the product of the 
average number of calls per second offered to the 
group of channels X times the mean service time per 
call in seconds Up), it can be shown that with an 
average call holding time of 3 minutes 930 calls 
coming in per hour can be supported. This must be 
considered to be enough for normal purposes. 

The discussion above shows that setting up an RPC- 
based telephone system theoretically is possible. 
However, this does not mean that such a system can 
also be realized in a practice: 

The fact that the phase-shift introduced to a signal 
transmitted over the RPC in a practical system is 
not exactly constant in time (it was assumed to be 
in the calculations) causes a decrease in the actual 
channel capacity; 
Telephone is a real-time application; only small 
delays are acceptable. This puts a constraint on the 
length of code-words that can be used and therefo- 
re decreases the practical channel capacity. 

It is therefore clear that still a lot of investigation is 
necessary before operational RPC-based fixed line 
telephone networks may become a common sight. 
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