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Abstract— In any cable or power line communications,
impulse noise is known to be the most difficult noise to
filter. In particular, non periodic asynchronous impulse noise
is impossible to predict. Under such noise conditions, the
OFDM' symbol generally used in PLC? is corrupted. To
overcome this problem, the signal-to-noise ratio is generally
improved by detecting and/or filtering the noise. This leads
however to heavy detection and computing time in compa-
rison with the disturbance duration. In this paper, we study
the parameters of the noise generated by a load commutation
and propose a new approach that consists in controlling the
commutation instant of the load. This approach reduces by
up to 15 dB the asynchronous impulsive noise emitted by
a resistive load in a 40.96-us typical Homeplug AV’ OFDM
symbol duration. Synchronisation is integrated in electronic
commutation system. Results show that the load value does
not influence the magnitude of the impulse noise.

Index Terms— Commutation, impulse noise, Signal-to-Noise
Ratio (SNR) improvement, zero-crossing.

[. INTRODUCTION

Wireless communication has become increasingly com-
mon, particularly in portable systems. However, when the
systems require a power supply, power line communi-
cation appears to be a good alternative solution. This
communication channel requires no additional wiring,
making it effortless and cheap to set up a network in
existing buildings. Moreover, it offers Triple Play facilities
(Internet, VoIP, Multimedia) thanks to a high PHY* bit
rate, in the range of a few hundred Mbps (Mega bits
per second) raw data, and can operate over a distance
of around one hundred meters. Achieving such a high
bit rate involves optimizing allocation of the authorized
bandwidth. An appropriate modulation such as OFDM !,
which has a good spectral efficiency, enables the overall
bandwidth to be taken into account [1]. Nevertheless, it
is also very important to have precise knowledge of the
topology of the communication channel [2] [3], and the
associated noise sources [4].

This paper is based on “Reduction of the impulsive noise emitted by
a resistive load commutation,” by V. Guillet, G. Lamarque, P. Ravier
and C. Léger, which appeared in the Proceedings of the 12th IEEE
Int. Symposium on Power Line Communications and Its Applications
(ISPLC), Jeju Island, Korea, April 2008. (©) 2008 IEEE.

TOFDM: Orthogonal Frequency Division Multiplexing.

2PLC: Power Line Communication.

3Homeplug AV: PLC protocol from homeplug consortium for Audio
and Video.

4PHY: Lowest layer in the ISO model network communication.
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Figure 1. Power line channel noise description.

It is well known that in the power line channel, the
noise does not agree with the classical Additive White
Gaussian Noise (AWGN) model [4]. The model in fi-
gure 1, presented in [4], is therefore generally preferred.
In this model, the communication channel is mainly
disturbed by a set of five noise sources.

The background noise sources [5] (narrow band and
coloured noise) are frequency localized. Conversely, the
impulse noise sources [6], [7] are time concentrated.
In the latter class, some are periodic (periodic syn-
chronous/asynchronous impulse noise) while the others
are not (asynchronous impulse noise).

Among all the types of noise, the asynchronous impulse
one is probably the most difficult to deal with. Numerous
methods have been developed to detect and/or filter such
noise. In instance, for noise sources synchronized to
mains [8], periodic and predictive [9] or detected into
OFDM subchannels [10], the Signal-to-Noise Ratio will
be reduced.

In terms of topology, two elements need to be taken
into account: the cable model and connected loads [11].
Generally, rigid cable is used for fixed installations be-
cause it is cheaper than a flexible (multi-wire) one, which
is preferably used for extensions due to its ease of
installation. As the power line channel is limited to fixed
installations, only rigid cables wil be considered here. In
order to improve the PLC Signal-to-Noise Ratio (SNR)
during a resistive load commutation, we have studied the
influence of the cable length. The second element of the
channel is the load. Among existing loads, we focus on
the most elementary ones, namely heaters. Three aspects
of the loads are examined: the commutation instant, the
nature of the commutation system and the electrical load
value.
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The paper is organized as follows. Section II introduces
the commutation system and the method used to analyze
the noise emitted. Section III presents the results of the
commutation of a simple resistive 500 W mechanical
radiator for three different commutation instants (0%,
50% and 100% of the main amplitude). Section IV shows
the effect of the line length and its consequences on
the bandwidth. The mechanical commutation technology
(relay) is compared with the electronic one (triac) in
section V. Finally, section VI presents the effect of the
commutated load value using an electronic commutation
which will be shown to be the least noisy technology.

II. MATERIALS AND METHODS

In this study, the commutation effects of a load are
analyzed using the schematic presented in figure 2 and
described in the following paragraphs.

Commutation
| tool

-
I N1+
| 1 MAINS
l
LOAD
ANALYZER
Z=50 ohms

Figure 2. Analysis of the commutation effects.

A. The cable

In-house installed cables do not use a global shield for
the two or three copper conductors, but use corrugated
pipes. In this study, a 3G cable (See Table I) for indus-
trial and tertiary sector buildings is used. This cable is
composed of a global shield, making the inter-conductor
distance constant.

TABLE I
CABLE USED FOR THE TEST.

Conductor type Solid
Manufacturer La Triveneta Cavi
Reference U1000 R2V
Class 1, Solid

Insulation

( inner / outer ) PR/PVC

Approximated permittivity 3.18 / 2.25 (Farad/meter)
(inner / outer) ' '

B. The load and the commutation

The load consists in a 240V / 500 W radiator placed at
the end of the cable. This type of load is purely resistive.
Its commutation is done using a relay technology, which
is equivalent to the thermal switch used in a radiator
thermostat. A digital dephasing system synchronised to

© 2009 ACADEMY PUBLISHER
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Figure 3. Commutation tool.

the mains voltage is used to determine the relevant
commutation instant (Fig. 3).

The zero-crossing circuit detects the instant of a zero
amplitude value of the mains power supply. Detection
is carried out using an optocoupler [12]. At this precise
instant, a digital counter implemented in a CPLD? (Xilinx
CoolRunner II [13]) starts counting. A 100 kHz system
clock increments the counter value with a precision of
t =~ 10 us on the commutation instant. When the delay
value is reached, the desired state of the commutation
takes effect.

C. Signal acquisition and processing

The analysis of the channel is carried out using a stan-
dard capacitive coupling circuit. The circuit is designed
to reject low frequencies (50 Hz), carried by the mains
power supply, but to let high frequencies pass through.
The bandwidth is in the range of 100 kHz to 100 MHz.
The analyzer is a dual input acquisition board GAGE
CompuScope 12400 [14], with 12 bits resolution, and a
fixed sampling rate of 200 MHz. Due to such a high data
flow, the on-board memory avoids the loss of samples
during acquisition. A 40 dB attenuator is used to limit
saturation of the acquisition tool. The input impedance
of this attenuator is 50 2. Signal processing is carried
out using a MATLAB environment in diferred time. The
measurement includes an overvoltage protection using a
sufficient bandwidth to ensure correct analysis.

In order to reduce the random part of the commutation
signal and the contact bounce, ten acquisition sequences
are carried out for each parameter (cable length and
dephasing value).

III. MECHANICAL THERMOSTAT RADIATOR BEHAVIOR

The observed time duration of commutation pulses
is from 1 us to 50 ws. In a few cases, some bounce
can be observed (see figure 4). This is due to the relay
technology used by the commutation system. However,
such bouncing can also be observed in a thermal switch
commutation employed in radiator thermostats.

A time-frequency analysis is carried out using Short-
Time Fourier Transform (STFT) (Fig. 4). The square
modulus of the STFT also called spectrogram is estimated
using 1024-points rectangular windows (corresponding
to about 5 us window duration). The 1024-points Fast

SCPLD: Complex Programmable Logic Device.
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Fourier Transform (FFT) spectra are evaluated on sliding
windows with 95% overlap between the slices.
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Figure 4. Time frequency analysis of a commutation.

The time frequency diagram (Fig. 4) clearly demonstra-
tes that during the full pulse duration time, all frequencies,
including the authorized PLC bandwidth, are affected.
Moreover, the disturbance duration (from 2 us to 20 us) is
of the same order as the OFDM symbol duration of PLC
standard protocols (from 10 us to 100 us). This shows
that the disturbance time and the detection/processing
time are equivalent, meaning that detecting pulses is not
efficient. We therefore propose a new approach to control
the commutation instant, in order to reduce the noise.

Fig. 5 presents the noise PSD (Power Spectrum Den-
sity) obtained using a Welch periodogram over 2048 sam-
ples with a rectangular window and without any overlap in
a40.96-us typical Homeplug AV OFDM symbol duration.
The time delay is set at 0, 8 and 25 percent of the
power supply period, corresponding respectively to a load
commutation when the power supply sinusoidal amplitude
is equal to 0%, 50% and 100% of the maximum voltage
value. A 30-meter cable is used in this comparison.
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Figure 5. Comparison of the PSD waveforms as a function of three
commutation instants for a 30-meter cable.

Fig. 5 shows that the noise floor increases as a function
of the delay of the commutation. The disturbance duration
is measured from 2 to 3 OFDM-symbols in the worth
case, but without commutation bounces.

© 2009 ACADEMY PUBLISHER
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In order to easily estimate the SNR improvement, an
approximation model of the background noise is used
(Equation 1, [15]).

P(f) =a—b.f(dB/MHz) (1)

The fitting curves are presented in figure 6. The a, b
and ¢ parameters are given in table II.

TABLE II.
FITTING CURVES PARAMETERS FOR A 30-METER CABLE.
Commutation Switched a b c
instant Amplitude
0% 0% -139 | 459 | -0,3
8% 50% -0,3 399 | -0,5
25% 100% -31,3 | 83,8 | -0,1

Power (dB)

_10 L L L J
0 20 40 60 80 100
Frequency (MHz)

Figure 6. Fitting curves with respect to the background noise model
for a 30-meter cable.

It can clearly be seen from Fig. 6 that the noise

power is lies between the noise level given by the curves
at 0% and 25% commutation instant. Controlling the
commutation instant limits the noise floor to its lower
value. In this way, the SNR can be improved by about

15 dB in a 40.96-us typical OFDM symbol duration.

This improvement is enhanced by other considerations:
fixing the time-synchronisation to the zero-amplitude-
voltage instant (t,.) of the mains power will reduce
the step sollicitation to the commutation system and also
to the load. Consequently, the breaking capacity will be
preserved and the dissipated power reduced.

IV. INFLUENCE OF THE CABLE LENGTH

In order to assess the independence of the cable length,

the experimentation was also carried out with a 70-meter
cable. The PSDs obtained are presented in figure 7.
Figure 8 presents the fitting results.

The PSD and the fitting curves are estimated in the
same manner as in section III. Table III gives the para-

meters obtained for the fitting.

The fitting curves (Fig. 6 and Fig. 8) obtained for a 30-

meter and a 70-meter cables show similar behaviour for a
given commutation instant. Consequently, controlling the
commutation instant may indeed reduce the SNR by about

15 dB, irrespective of the cable length.
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Figure 7. Comparison of the PSD waveforms for a 70-meter cable.

TABLE IIL
FITTING CURVES PARAMETERS FOR A 70-METER CABLE.

Commutation Switched b
instant Amplitude a ¢
0% 0% -209 246 | -0,04
8% 50% -100 127 | -0,05
25% 100% -31,6 | 84,8 | -0,15

In fig. 5 and 7, ripples are visible. Their frequencies
appear to increase with cable length. The ripple might
be related to the line characteristic impedance mismatch.
In order to verify this hypothesis, a cable analysis was
performed, using the same analysis circuit, but replacing
the load by a generator and leaving the commutation
switch closed (Fig. 9). The generator is an arbitrary
waveform generator (GAGE CompuGen 4300 [16]) using
a white noise sampled at the frequency of 300 MHz. The
output of the generator matches the full scale input of a
line driver (OPA2674, [17]) avoiding saturation. Another
coupling circuit is added on the line driver output.

The results for a 30-meter, 50-meter and 70-meter cable
are presented in fig. 10.

The line impedance mismatch will produce reflections
over the line. These reflected signals will be added to
the measured signal after a propagation time given by
equation 2 :

l l . C
tp:E:?’ using v, = NG )

where [ is the length of the cable, v,, is the propagation
speed, C' ~ 3.10% m/s is the light speed in vacuum and
€ is the permittivity of the dielectric.

During a propagation time t,, it is possible to observe

a k number of a % sinusoidal signal period.

1
ty =l 3)

A maximum value is obtained in fj for each integer
value of k:

Je = “)

k
tP

Moreover, the frequency distance between two local
maxima is AF":
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Figure 8. Fitting curves with respect to the background noise model
for a 70-meter cable.
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Figure 9. Method to analyze the bandwidth of the cable.
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Figure 10. Ripples in the bandwidth.

k+1 k 1
AF = fri1 — fo = - =T (5)
tp tp tp

The measurement enables the cable propagation time
and the cable dielectric permittivity to be evaluated using
equation (2):

1
Ap =t = 0528, V&= T, & ~312 ()

P

|

S

The frequency ripple value (the distance between two
local maxima, AF') for different cable lengths (1, 20, 30,
50, 70, 78 meters) is measured using zooms such as those
shown on fig. 11.

Ripple measurements are reported in figure 12, where
equation (2) is also plotted. The two curves are super-
imposed, demonstrating that the ripples are due to the
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Figure 11. Zoom on ripples in the bandwidth.
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Figure 12. Ripple ratio as a function of the cable length.

impedance mismatch. Measurement of the frequency rip-
ple value in Fig. 5 and Fig. 7 also verifies equation (2).

V. INFLUENCE OF COMMUTATION TECHNOLOGY

In section III and section IV, we have shown that
the zero-crossing commutation (¢ ..;) is the least noisy
situation. From now on, the ¢,.; will therefore be used.
In order to do so, the mechanical thermostat radiator is
replaced by an electronic radiator. Its commutation is
based on a triac and a zero-crossing detection. Moreover,
this kind of radiator accounts for 71% of electrical heaters
in residential houses sold in 1998 in France (AERE
Study “Chauffage électrique en France” ). Since the end
of 2006, this type of radiator is recommended by the
thermal regulation “RT 2005 as it provides a better
energy efficiency (Source: Thermor®, ADEME7).

Figure 13 compares the PSD of the mechanical com-
mutation w.r.t. the PSD of the electronic commutation.
Even though these two curves are obtained using a 30-
meter cable at t,.; and for the same electrical consump-
tion (500 W), the curves are not merged. The thermal
switch commutation is about 15 dB noisier than the triac

®Thermor: International company on white and grey goods.
7ADEME: French Environment and Energy Management Agency.
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Figure 13. Commutation technology comparison at t,.; and for 30-

meter cable.

one. This could be explained firstly by the technology
differences between the electronic and the mechanical
heating load. Secondly, for practical wiring reasons, the
commutation circuit is not in the same place. Fig. 14
presents the commutation configuration of an electronic
radiator. It is to be compared with fig. 2. These two
wirings are identical at low frequencies, but may exhibit
different behavior at higher ones. Finally, the commuta-
tion technology used in the commutation tool is different.
Further investigation is neccessary to fully understand the
influence of all these parameters.

Commutation
| tool

———
‘ [ EpEE MAINS

ANALYZER
Z=50 ohms

i

Figure 14. Analysis method for the electronic load commutation.

Considering the temporal signals (figures 15 and 16),
the disturbance duration is reduced to one OFDM-symbol.
The pulse amplitude is lower for an electronic thermostat
radiator than for a mechanical one. The scale factor
between the two pulse magnitudes explains the almost
constant 16 dB difference observed between the two
spectrum curves shown on Fig. 13.

In order to overcome the uncertainties due to the
commutation system and heating technology, the rest of
the study will use the most favourable case, i.e. a triac
commutation system synchronized with the zero-crossing.
We now turn to assessing the importance of the load
value.

VI. INFLUENCE OF THE ELECTRONIC RADIATOR LOAD
VALUE

The commutation load at ¢,.; fixes the background
noise level (IIT) irrespective of the length (IV). The last
parameter to study is the effect of load value on the
commutation. Fig. 17 shows the comparison between
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Figure 15. Commutation signal of a mechanical thermostat radiator.
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Figure 16. Commutation signal of an electronic thermostat radiator.

500W, 1000W and 1500W electronic radiators in the same
product range of the same brand.

— 500W

10 : — 1000W
— — —1500W

Power (dB)
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Figure 17. Load comparison at t..; and for 30-meter cable.

All the curves of Fig. 17 are superimposed. This
highlights the fact that for the same commutation sys-
tem and the same heating load technology, the impulse
response does not change. It can therefore be concluded
that the noise generated is independent of the electrical
power consumption value, i.e. the impedance at the mains
frequency (50 Hz).

The noise floor of the measurement setup is about -
27 dB. This means that, considering the zoom on Fig. 18,
frequencies up to 5 MHz are concerned by the impulse
noise.
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Figure 18. Zoom on the load comparison at t..; and for 30-meter cable.

VII. CONCLUSION

In this study, we have shown that the noise generated
by asynchronous aperiodic impulse sources can be easily
and significantly reduced. Indeed, the SNR, in a 40.96 us
typical Homeplug AV OFDM symbol duration, can be
improved by up to 15 dB simply by controlling the
commutation instant of a resistive load. In this way,
the asynchronous noise is made synchronous: the pulses
are always located at the zero-crossing instant. In that
case, the data rate is increased, and the synchronization
sequence can be less corrupted.

Moreover, we have shown that the heating load techno-
logy, the position of the commutation circuit and the com-
mutation system may influence the impulse noise power
generated by about 16 dB. Further study is necessary
to investigate the role of each parameter involved in the
16 dB difference.
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