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ABSTRACT

The use of power lines for transmission of broadband data for applications such as Internet access
or home automation, is certainly very attractive, but the problem of electromagnetic interference
and radiated caused by these new systems. Risk of interference to radio reception is mainly
approached in the frequency band ranging from 1 MHz to 30 MHz allocated to power line
communication (PLC) and covers including HF.

The experimental study throughout this work show that the coupling factor has a strong
dependence relative to the measurement location, to the topology of the electrical network and to a
lesser degree, relative to the level of the load impedance. Thus, we made possible an estimate of
the radiated field for a known injected signals. Experimental characterization of the indoor
measurement also showed that the field values are dispersed; against for outdoor a proportional
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compared to the reference limits.

decrease relative to the distance can be observed.

The different results permit to deduct a few orders of magnitude as well as some simple rules of
use for minimizing exposure while allowing normal operation of the application level. In all cases,
measured or simulated covered by the study, the required levels are met. In situ measurements
show that human exposure to the electric field radiated by the PLC network is very small (< 1 V/m)

Keywords: PLC network rate; PLC radiation; DAS; coupling factor; PLC; EMC standards.

1. INTRODUCTION

The experimental study throughout this work
show that the coupling factor has a strong
dependence relative to the measurement
location, to the topology of the electrical network
and to a lesser degree. To prevent pollution, the
scientific community is trying to set standards [1-
10] to prescribe a transmission power and
transmission modes that meet the
electromagnetic environment near or distant
zone to these devices. As shown by [11-16],
electromagnetic pollution is important in new HF
switching mode measurements, so it thus
appeared interesting to make measurements on
PLC devices in operation to determine how
radiation ranged relative to the proposed limits
[17,18].

Experimental investigations are performed on
typical energy lines. In section 2 we demonstrate
the inadequacy of plane wave theory around
PLC channel. Hence, we present in section 3 an
approach for evaluating the transmission power
of the PLC devices, while respecting the
requirements of the dharmonized standard EN-
55022 for conducted disturbances produced by
any equipment connected to the power grid. The
experiments designed to support the physical
interpretations were mainly conducted within a
specially equipped to obtain reproducible
measurements. Indeed, the network model
implanted Hall ICT laboratory may be, as
appropriate, independent or connected to the
general grid of the building. The test line is
comprised of three conductors disposed
randomly in a PVC conduit. Two conductors
used to carry high frequency signal, the third
conductor close precedents, may or may not be
connected to the system ground.

The second part measures the radiation of EM
field with a part of the electric power system of
limited length to 8.5m will be discussed in
section 4. Explored frequencies lie between
1 MHz and 10 MHz focusing injection signals

produced by sinusoidal sources maintained and
unmodulated. The radiated field is mainly
characterized by the magnetic or electrical
component measured at distances ranging from
a few centimeters to a few meters from the
power line.

Then the results will be extended to the case of
the overall network of the room in order to
highlight the increase in size of the tree and by
connecting the local network to the core network
of the building. We will establish the estimation
of electric fields and proceed to a confrontation
with the limits found in certain international
standards.

2. INADEQUACY OF PLANE WAVE FOR
PLC CHANNEL

The space around a radiating antenna can be
divided into two regions: the near field and far
field. For an antenna having a maximum
dimension is small compared to the wavelength,
the near field region is a region of induction, and
the electric and magnetic fields store energy
while producing little radiation. This stored
energy is transferred periodically between the
antenna and the near-field region in Fig. 12. This
region extends from the induction antenna at a
distance R.

A
R_E (D

where A is the wavelength.

There is no general formula for estimating the
intensity of field region close to the small
antennas field. You cannot make accurate for
well-defined, eg. dipoles and monopoles sources
calculations. In the case of antennas whose
dimensions are large compared to the
wavelength, the near field region comprises the
induction of which extends over the distance R
and is followed by a region of radiation. In the
radiating near field, the field strength does not
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necessarily decrease steadily unless it moves
away from the antenna, since it may have an
oscillatory character. In the area near radiation
intensity of the electric field (E) and the magnetic
field intensity (H) are interrelated according to the
following formula:

— =2, (2)

2
P:E—:H220 (3)

Z, is the intrinsic impedance.

Based on simulation results of [16], shown in
Figs. 1-a and 1-b and the equation (3), the plane
wave approximation is not very suitable for the
case in view of the PLC frequencies used.

Simulations for the ratio E/H (Fig. 1-a) show that
for a fixed frequency to 30MHz, the value Z,
varies depending on the distance in the near field
and the plane wave approximation becomes
valid only from a distance of 50m.

In the far field region, the field has essentially the
character of a plane wave, ie. that the electric
field vector is perpendicular to the magnetic field
vector, and both are transverse to the direction of
propagation.

The ratio between the intensity of the electric
field and the magnetic field is constant at any
point, in free space, it is equal to:

Z, =377Q (4)

For a typical distance in an indoor environment
(3 m), we see in Fig. 1-b for less than 40 MHz,
the E/H ratio may be very different from the
impedance of the vacuum.

We measured as shown in section 4, the vertical
component of the electric field by replacing the
antenna loop by a monopole antenna. The
results in Fig. 2 show an underestimate of the
true level of this electric field is possible.
However, finding a significant dispersion of
observed measurements, we note that the use of
the plane wave approximation to express the
electric field remains the most convenient. So,
we will deduct the electric field from the
measured magnetic field. Especially as the direct

measurement of the electric field is subject to
many other factors.

3. ACTION OF EM INTERFERENCES ON
THE AVAILABILITY AND RANGE OF
PLC MODEMS

3.1 Immunity of PLC Equipements

Problems related to immunity PLC beyond just
the scope of this work because it was primarily to
focus on the problems of issue. However, we can
say that information about problems resulting
from the operation of PLC devices or services in
its environment are rare. At first sight, one might
wonder if a radio transmitter can disrupt
communication PLC. The answer here depends
on the system in question, or rather the
modulation used.

Broadband techniques, like Spread Spectrum,
are very robust against interference [1].
Regarding OFDM, the signal is injected on
multiple carriers at a time; the signal can be
reconstructed by overlap even if it has been
reduced on one or more carriers.

For immunity equipment PLC, the referenced
standard is EN - 55024 on the ATI does not
generally pose any particular problems for the
latest generation of modems compared to other
equipment covered by the standard. This
standard specifies the degree of resistance
equipment PLC disturbances present in its
environment [2]. Indeed, this test involves
injecting a carrier on the power modulated at 80
% of an amplitude level of 3V whose frequency
ranges between 150 kHz and 30 MHz and is
then superimposed on the carrier PLC.

3.2 Effects of Interference Produced by a
Coupled Wave Radiation, Over Range
of PLC Modems

In this section, we focus on the performance of
PLC modems past generations in terms of
throughput and robustness with respect to a
disturbance generated by a radio transmitter in
the frequency band [1-30 MHZ].

The communication is performed according to
the assembly of Fig. 3. The test circuit consists of
two PLC modems connected to two computers
for data transfer on the grid using the following
configuration: take E (emitter) and taking R
(receiver). A signal generator covering the
frequency band [1-30 MHZz] of RF amplifier and a
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frequency band same amplifies the injected
where the generator output signal is limited. An
antenna for generating an RF disturbance by
radiation or by injection to simulate the effect of a
radio antenna in the vicinity of the PLC network.

We measure the throughput received versus flow
transmitted using two modems of the same
family. The measurement is performed under the
effect of an RF interference at different
frequencies depending on the power level.
Immunity tests we performed on PLC modems
new generation towards a carrier radiated
disturbance centered in the band [1.6-30 MHZ],
showed a level of -10 dBm no problem. Indeed,
these types of modems use a multicarrier
modulation (OFDM) as that of the specification or
HomePlug spread spectrum which exhibit good
flow robustness point of view.
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3.3 Effects of Interference Produced by a
Coupled Wave Injection

Figs. 4 and 5 show the measurement results of
immunity (or sensitivity) of the new generation of
PLC modems (85 Mbit/s and 200 Mbits/s). The
measurements are performed assess baths debit
transmitted by the PLC network length Lc = 17 m
as a result of variation in the level of RF
interference frequency 4.4 MHz, 55 MHz,
11 MHz, 13.5 MHz, 18 MHz and 21.5 MHz
coupled network injection.

In Fig. 4, we see that the modems to 85Mbit/s
has a substantially constant speed around 35
Mbit/s for lower interference levels of-22 dBm
threshold. Beyond this value, modems become
very sensitive and stops transmitting completely
for a -15dBm RF disturbance. By cons, modems
200Mbits/s have low immunity to 85 Mbit/s
modems. Sensitivities begin to increase from a
level of -35 dBm RF interference (Fig. 5).
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Fig. 1. Variation of the ratio E/H with distance for a fixed frequency of 30 MHz (a)
& Depending on the frequency at a fixed distance of 3m from the PLC network (b)
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Fig. 2. Comparison between the vertical component and the total electric field estimated at 3m
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Fig. 3. Experimental PLC network
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Fig. 4. Measurement of sensitivity modems 85 Mbits/s for RF interference in the band
[4.4 MHZz - 21.5 MHZ]
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Fig. 5. Measurement of sensitivity modems 200 Mbits/s for RF interference in the band
[4.4 MHZz - 21.5 MHZ]
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4. EXPERIMENTAL CHARACTERIZATION
OF PLC STRUCTURE RADIATION

The level of radiated field is a constant concern
for possible disturbances in the functioning of
other household appliances and services using
the same frequencies (especially radio amateurs
and military communications) or on the health of
users of PLC [19].

A number of measurement campaigns aimed to
characterize the point of view of the
electromagnetic environment PLC then estimate
the radiation equipment in operation became
necessary. The following sections show the
conditions under which they were made and the
main results.

At first try to describe briefly the standardization
work are for PLC. It is necessary to recall that the
frequency band used by the PLC which runs up
to 30 MHz in the band overlaps widely used by
radio services (HF band ) [20]. All these services
are protected; the use of PLC shall in no case
affect their operation. Thus, it is necessary to
distinguish two types of normalization with the
PLC broadband lines [21,22]:

e The first type involves equipment: Injection
levels must not exceed limits set by the
international CISPR 22 [23] standard.

e The second concerns the electromagnetic
radiation caused by the use of low voltage
network to the PLC with the aim that
radiation does not cause disturbance in the
reserved band for radio broadcasts.

For PLC systems, we must ensure reliable data
transmission while maintaining their emission
levels and interference within acceptable limits.
Moreover, the grid is subject to external
influences, which cause many disturbances.
Electrical networks are viewed as open systems
drivers, insufficiently protected.

Different work methods and describe how to
implement the disruptive to apply in situ to
assess the sources of disturbances and levels of
past emissions analysis. In general, these
studies follow already established standard
[24-26].

Regarding the measurements of electromagnetic
interference caused by PLC, we will define
coupling factors kg (f) and ky (f), as that was
established in [25], these parameters will allow
us to characterize the electromagnetic behavior

PLC network, regardless of the specific PLC
signal, with respect to the voltage U (f) of the
actually transmitted signal.

L[]
)=t} 4] )

U( Vm

with equivalent in dB1/m:

ky s (f)= 20.1og[5213] [dB %J;

ky s (f)= 20.10g(%) [dB %} (6)

We can define a factor, this time relative to the
transmitted power of the injected signal ke this
factor is given by:

) )
-0 0)

where P represents the difference between the
power fed by the generator and the reflected
power. In analogy to equation (3) can also be
expressed by kp:

kyanl f)=20lod £(f))-10l0d A f)) ®)

As shown in equations (5), (6) and (7), this factor
ke is a function of frequency radiated and
connects the voltage U transmitted respectively
transmitted power P, the injected signal field.

Determining factors coupling therefore requires
the measurement of the following parameters:

e The voltage U of the injected signal power
P and the injected signal.

e The electric field (E) and magnetic (H)
emitted.

e The distance between the measuring point
and the nearest point of the electric
network.

4.1 Scheme and Measurement Procedure

Measurements of coupling factors presented
below were made according to the following
scheme shown in Fig. 7, taking into account the
magnetic field as a reference.

419



Belkadid et al.; BJAST, 8(5): 414-426, 2015; Article no.BJAST.2015.221

The presence of the main components of this
circuit diagram is explained as follows:

e Generator: in our case, it is a signal
generator covering the frequency band
[9 KHz-3 GHZz]. Marconi Instruments.

e RF - Amplifier: provides a good signal /
noise ratio, the presence of an amplifier,
covering well also the frequency band
[1MHz- 500 MHZz] can be used to amplify
the signal injected in the case where the
generator is limited Release. Nucletudes
Systems (30 W) Inc.

o Directional coupler: it allows, during the
injection of the signal to measure the
power transmitted and the power reflected
due to the impedance mismatch between
the generator and LV network.

e Balun: we can inject the signal into the
PLC online. It transforms the asymmetric
voltage generator in an injectable
symmetrical tension in the PLC online. The
circuit of such a device is shown in Figure
10. In this figure, the essential elements of
the device are the two coupling capacitors
connected directly to the network and the
limiter is designed to prevent surges in the
measuring device.

e HF Receiver: for measuring, you can use
either an HF receiver or spectrum
analyzer. (ROHDE SCHWARZ 9 KHz - 3
GHz)

o Network analyser : as HF receiver (Agilent
30 KHz - 6 GHz)

e Digital oscilloscope : Tektronix DP04104 (1
GHz)

e Antenna loop: This is a measure of the
magnetic field in dBuA/m. This value is
then converted into electrical field
equivalent dBuV/m. The antenna used is

frequency range between 1 kHz and 30
MHz (SAS 564).

e Monopole antenna: for measuring electric
field. The antenna used is type AH
Systems Inc covering the frequency range
between 9 kHz and 40 MHz (SAS 551).

Measurements of the coupling factor kg were
conducted on a laboratory pilot section of the
network. The equations used to characterize
various premises are not valid for a strictly
scientific point of view. The conversion of the
measured magnetic field values by using a loop
antenna allows us to know the equivalent electric
field by means of the equation (2). This is
equivalent, as indicated in equation (9), to add to
the value of 51.5 dB,,» measured magnetic field
to thereby determine its electrical equivalent.

This value of 51.5 dB,,, is equal to 20+log (Z,).
This approximation is not yet valid in the case
where it is in the far field region. This area
depends on the dimensions of the antenna D
(diameter of the loop) and the wavelength A of
the field. The agreement indicates that the far-
field region starts from a critical radius r equal to
the maximum values of A and D%A.

)

EdByV/m(f):HdBM/m (f)+5L.5dBy,4

The Fig. 7 shows the coupling factor kg
measured according to the arrangement
described in the assembly of Fig. 6. The
measurements are made at 20 cm and 1.20 m
and 3m from the injection point on a network
segment PLC length Lo = 85 m. These
measurement results show a low influence of the
position on the measurement of this form factor
despite the use of approximations of plane
waves.

type AH Systems Inc covering the
Power line
network
CW- | RF- :( directional coupling- | :
Generator [ | amplifier ‘c‘oupler ‘ ‘ device |
voltage-
roe .
i 1l Il
i fl I
i 1l I
Measurement- 11 11 _{I
receiver / i s Lo e Lo oo o o o ) e

Spectrum analyzer

Fig. 6. Scheme of "automated" mounting with network analyzer
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To maintain these approximations, we will adopt
as a parameter of measure the factor ky. The
following sections describe the steps of the
measurements made to determine this factor.
Fig. 8 illustrates the coupling factor kg in function
of the position of measurement points, based on
the model of the network portion of the
laboratory.

Some measurement points have been placed in
the room according to the distances
recommended in Section 4. It shows that for the
same frequency, gaps of 10 dB can be met.
Fig. 9 shows the magnetic field in an indoor
environment. A comparison between the radiated
fields, resulting from the injection of PLC signals

10

in compliance with the limits for Class B
equipment to the power port by
EN55022/CISPR22 standard.

In considering these figures, we can say that the
resulting radiated field limits CISPR far beyond
the Norwegian proposals and those of the BBC
across the PLC band. Also, the radiated field
resulting from the injection on the power port
exceeds NB30 and UK MPT1570 over a wide
band. While fields emitted remain below derived
curves EN-55022 and FFC part15, almost over
the entire band. We deduce thus that limit the
radiated field derived from the EN-55022
appears to be the most sensible choice.

S /

\ ~/

J
AR\

R

YN/
A

=== Field at 20 cm

N

-50
!

=== Field at 120 cm

-60

Frequency MHz

Fig. 7. Coupling factor kr mesured at 20 cm, 1.20 m and 3 m
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Fig. 8. Effect of the measurements location on the coupling factor k,
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Fig. 9. Comparisons between the radiated fields resulting from the injection of PLC signals
conforming to required limits and the various proposed standards

4.2 Radiations Measurements for real
Network

A major concern caused by the PLC is the level
of radiation that causes. It thus appeared
interesting to make measurements on PLC
devices in operation to determine how radiation
ranged relative to the proposed limits. Also, to
what extent these radiations could they affect the
environment and the health of users rated the
Specific Absorption Rate set by:

Electric Field E(V/m) in human tissues:
O'E’2
SAR = —&=—
2
Current density J (A/m? in human tissues:
2
sar =L
PO
Temperature variation in  human tissues:
dT
SAR= . —
T dt

e J: densité de courant [A/m?], derived from
magnetic or electric field.

e o conductivity S/m, p: density in kg/m’

e ¢; Termal capacity in tissu J/(kg K).

e dT/dt: derivative of temperature in human
tissues with respect to time

To complete the tests in emissions maintained, a
real digital transmission between PLC modems

last generation, has been implemented to collect
spectra radiated in the vicinity of the line installed
indoor experiences. The scheme presented in
Fig. 10 shows the measurement system on the
radiation received from a global network of 17 m
length embedded in the walls of the test site
(Fig. 3).

Spectral
Analvser
Monopole

< [occoo;

Antenna

Fig. 10. Automated diagram installation

Thus, as shown in Fig. 10, the spectrum analyzer
was used to scan all the PLC frequencies mode
quasi-peak or peak to specification standards
and to collect data for a post-treatment. At first,
we started by measuring the current that flows in
the feeding phase of the network on which the
latest generation of modems using a multi-carrier
transmission, according to the Home Plug
standard, are connected.

In Fig. 11, the images are reproduced power
spectra recorded on the line during a data
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exchange stimulated by two computers. The
spectrum analyzer connected to the line, is set to
store maximum amplitudes captured during a
measurement sequence. The filter (RBW) of the
analyzer is successively four resolutions band
equal to (10 kHz, 30 kHz, 100 kHz and 1 MHz).

These measures clearly indicate that in normal
operation the power spectral density at the
output of indoor modems -84 dBm/Hz and is
close to the frequency band occupied by the
signal ranges from 4 MHz to 20 MHz. Recall that
the signal generator from a OFDM (Orthogonal
Frequency Division Multiplexing), a technique
designed to reduce the effects of interference
encountered on the power line [26].

Fig. 12 shows the shape of the spectrum
calculated from the three orthogonal components
of the electric field and SAR identified by a
monopoly to a distance of 20 cm and 120 cm
from the nearest network PLC room network
point total electric field equivalent laboratory. The
metal plane interposed under the monopole
antenna is to limit the direct coupling with the
cable shield which encourages the extent that
renders well captured by the antenna electrical
component.

These curves show that the emission level is
between 30 dBuV/m and 60 dBuV/m, in linear
scale electric field with an amplitude of 0.03
mV/m and 1 mV/m. Radiation revealed by these

figures is caused by the emission committed
modems level. To evaluate the output power of
modems, one may use the following relationship:

(10)

where Ps denotes the output power in dBm and
Ds,, the power spectral density in dBm/Hz. Rbw
is the width in Hz of the analysis filter. From
equation (10), and considering a Dy, = -84
dBm/Hz deducted from statements of Fig. 11, the
power engaged in a filter of width 10 kHz rise to
achieve -44 dBm, which give a voltage of 56.98
dBuV across a load impedance of 50 2.

P =10logR,, + D,

Successive measurements [27,28], varying the
power level at the injection frequency 17.5 MHz,
were made possible as shown by Fig. 6. Table 1
illustrates results of the effect of reducing the
level of the input power, on the electric field
radiation. Several observations can be made due
to these measures. Firstly, the field decreases
linearly with the injection level, which shows that
a reduction of the field must go through a
decrease of the emitted power. This would easily
determine the power level to be injected to meet
the limitation of radiation. The total component of
the field was calculated from the measured other
components. All values are summarized with
their corresponding levels of injection in the table
below.

-10 ‘

—— RBW=10KHz
—— RBW=30KHz

— RBW=100KHz
—  RBW=1MHz

Poweé-dBm-

&
3

Frequency MHz

10'

Fig. 11. Spectral envelope measured at the output of the PLC transmitter
for different RBW setting of the spectrum analyzer (10 kHz, 30 kHz, 100 kHz and 1 MHz)
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Electric field mesured by monopole antenna
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Fig. 12. Evaluation of SAR from total electrique field
RBW = 100 kHz, VBW = 3 kHz, SWT = 100 ms, attenuation level = 0 dB

Table 1. Field measured for different levels at the CW frequency 17.5 VHz

Injection Componente X Componente Y Componente Z  Total field
level (dBm) (dBuV/m) (dBuV/m) (dBuV/m) (dBuV/m)
30 67.39 67.11 66.36 71.75
25 62.02 62.17 61.74 66.75
20 57.37 57.00 56.35 61.70
15 52.37 52.01 51.30 56.69
10 46.76 46.53 45.79 51.15
5 38.32 37.16 37.47 42.45

Table 2. SAR limits as exiged by standards

Area of body Average SAR

Integration time Average mass (g)

(W/kg) (minutes)
Full Body 0,08 6 Corps entier
Head and torso 1,6 6 1
Members (hand & legs) 4 6 10

4. CONCLUSION

The experimental study throughout this work
show that the coupling factor has a strong
dependence relative to the measurement
location, to the topology of the electrical network
and to a lesser degree, relative to the level of the
load impedance. Thus, she made possible an
estimate of the radiated field for a known injected
signals. Experimental characterization of the
indoor measurement also showed that the field
values are dispersed; against for outdoor a
proportional decrease relative to the distance can
be observed.

The different results permit to deduct a few
orders of magnitude as well as some simple

rules of use for minimizing exposure while
allowing normal operation of the application level.
In all cases, measured or simulated covered by
the study, the required levels are met. In the
worst case observed (f = 4.8 MHz to 20 cm and f
=9.5 MHz to 120 cm), we quote:

e For a distance of 20 cm and an injection
power of 56.24 uW (-45 dBm), the field
strength is of the order of 0.95 mVIm,
which is very low compared to the limit
value 28 V/m. The SAR value is about 0.08
HWI/Kg.

e For a distance of 1.20 m and an injection
power of 56.24 pW, the field strength is of
the order of 0.79 mV/m, which is very low
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compared to the limit value cited above.
The SAR value is about 0.06 LW/Kg.

In situ measurements show that human exposure
to the electric field radiated by the PLC network

is very small (< 1

V/m) compared to the

reference limits (Table 2 above) given in [22].
The level of the SAR obtained by calculation is

very

low and rapidly decreases when the

distance increases to the network.
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