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Abstract
 
In Sweden, the change from manual meter reading at irregular intervals, to automatic 
remote meter reading at predefined instants was completed in July 2009. This change 
is ongoing or largely completed in a number of other European countries as well. 
Several methods for communication between the meter and the network operator are 
in use. In Sweden power-line communication is used for communication with about 
half of the meters. The frequency range between 9 and 95 kHz contains, in addition to 
communication signals, conducted emission from end-user equipment connected to 
the power grid. Electronic components in end-user equipment can also in other ways 
affect the characteristic of the power lines as a communication media.  
The aim of this thesis is to give an overview of how power line communication in the 
frequency range 9 to 95 kHz can interact with modern energy saving end-user 
equipment. Potential problems concerning this interaction have been identified.   
Results presented in this thesis are based on a large number of measurements of 
voltage and current distortions due to connected loads and due to power line 
communication.   
A total of five different ways of interaction between power-line communication and 
end-user equipment are identified in this thesis. As a spin-off from this work, also 
new aspects of the interaction between end-user equipment have been identified. 
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1 Introduction 

1.1 Background 
There is today a large incentive to reduce our use of energy from fossil fuels, 
including electrical energy. This has led to political decisions like phasing out the 
incandescent lamp and monthly reading (most likely, soon hourly reading) of our 
power meters. But there is also a shift in costumer behavior; today many Swedish 
homes contain computers, flat screen TVs and heat pumps. This was not the case a 
few tens of years ago. Connected equipment at the costumer side has consequently 
changed from resistive or inductive towards electronic equipment. One of the most 
obvious changes is the shift from incandescent lamps to more environmentally 
friendly types of lighting like compact fluorescent lamps (CFL) and light emitting 
diode based lamps (LED). The reading of our power meters via the power grid and 
equipment with switch mode power supply introduces new phenomena to the power 
grid and this has led to an interest in frequencies above the 2 kHz since this is where 
the switching in equipment as well as the communication used to read power meter is 
taking place.   

Automated Meter Reading (AMR) 1.1.1
In order to encourage energy saving, the European Union decided in 2006 that 
member states should enforce that energy consumption should be metered so that it 
“accurately reflects the final customer's actual energy consumption and also provides 
information on actual time of use”. It is also stated that the billing should be 
informative and “shall be performed frequently enough to enable customers to 
regulate their own energy consumption” [1].  The Swedish government decided in 
December 2006 that costumers should be billed monthly on their actual power 
consumption; this law came in to effect in June 2009 [4]. The metering reform in 
Sweden will most likely continue with the introduction of hourly meter reading for 
larger customers first and for all customers after that [2][3]. 

The ban of incandescent lamps 1.1.2
The European Union has decided to gradually phase-out the use of incandescent 
lamps. This is believed to save about 40 TWh of energy for the member states. The 
European ban started in 2009 with all non-transparent lamps and lamps over 100W 
and will be finished by the end of 2012 when all non-directional incandescent lamps 
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will be banned. Alternatives for incandescent lamps with significantly less 
consumption include fluorescent lamps with high-frequency ballast, Compact 
Fluorescent Lamps (CFL) and Light Emitting Diodes (LED). These types contain 
electronics in their interface with the grid, which will be a contributing factor for their 
impact on the grid.    
 

1.2 Motivation 
One important issue today is to reduce the energy consumption both from a global 
perspective, to reduce the carbon dioxide emission, and from a domestic economy 
perspective. Electricity prices have gone up in Sweden and for many households it is 
very important to reduce the electricity bill as much as possible. When new products 
are introduced on the market they have to comply with the CE-marking, meaning that 
the manufacturer confirms that the product is safe and complies with relevant 
standards. For household appliances like TVs, stoves, and hairdryers there is today a 
lack of standardised tests and a lack of knowledge on their behaviour (emission, 
immunity, compatibility) in the frequency range 2 to 150 kHz. In those cases that 
standard tests exist, the equipment is tested one at a time and in a controlled 
environment that can differ a lot from the environment that equipment meets when 
connected in an actual installation. It is important to investigate phenomena that 
occur in this frequency range and research has been on-going for a few years by the 
electrical power research group at Luleå University of Technology in Skellefteå. This 
research has led to new knowledge but there still is a lot of work to be done. When 
setting new standards for low voltage equipment it is essential that they are based on 
real conditions even though it is not possible to test for every eventuality. There 
should not be any fear that end-user equipment or power-line communication 
contribute to a shorter life time or deterioration of other equipment as this could 
hinder the introduction of energy saving equipment.         
 

1.3 Scope 
This project has focused on interactions between power line communication and end-
user equipment. The work has been limited to low voltage networks and household 
equipment. The work has further been limited to power line communication in the 
frequency range between 9 and 95 kHz. This frequency range is commonly used for 
automated meter reading. Results obtained from numerous experiments in the 
laboratory as well measurements in the field have been the base for the project. 
Measurement technique, analysis tools and instruments used are explained in detail 
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by Larsson in [22]and [27].  A full scale electrical model of a house has been built in 
the Pehr Högström laboratory with Luleå University of Technology [paper II]. During 
the course of the experiment it was found that interaction between individual devices 
is ruled by the same phenomena as interaction between power line communication 
and end-user equipment. Results about this are also included in this thesis. 

1.4 Outline of thesis 
An overview of some communication systems is given in Chapter 2.  
 
In Chapter 3 there is a theoretical description of the impact from the grid on 
power line communication.  

 
Chapter 4 includes a description and measurements of how end-user 
equipment interacts with power line communication. 

 
Chapter 5 shows some results of measurements done of interaction between 
end user equipment connected to the grid. 
 
Finally some conclusions and outline of future work is given in Chapter 6 and 
Chapter 7. 

1.5 Contribution of the work 
The main contribution of the work done during the project has been to 
identifying the different ways in which common household equipment can 
impact power-line communication and the vice versa. A subdivision has also 
been made in five different types of interaction: 
 
Type I.   
High voltage or current levels at the communication frequency due to 
emission by end-user equipment. This can result in loss of the communication 
signal or in transmission errors. 
 
Type II.   
The end-user equipment creates a low-impedance path at the communication 
frequency. The result is that only a small part of the communication signal 
arrives at the location of the receiver. 



4 
 

Type III.   
The voltage signal used for communication results in large currents through 
the end-user equipment. This can result in overheating of components or other 
interference with the functioning of the equipment. 
 
Type IV.   
Non-linear end-user equipment exposed to a voltage at the communication 
frequency results in currents at other frequencies, typically harmonics of the 
communication frequency. 
 
Type V. 
The distortion of the voltage waveform due to the communication signal 
results directly in mal-operation of end-user equipment. 
 

The five types are discussed in detail in paper IV. The dominating type was found to 
be type II where the capacitor on the grid side of the interface between the grid and 
the equipment has a dominating impact on the propagation of high frequency 
currents. This will influence the spread of emission between equipment and towards 
the grid as well as the propagation of the communication signal.  
Concerning the emission between end-user equipment the project has shown that 
emission in the frequency range 2 to 150 kHz mainly flows between end-user 
equipment and only a small part of the emission will flow towards the grid. To 
quantify the current at the interface of equipment it is necessary to make a distinction 
between primary emission and secondary emission. Primary emission is generated in 
the equipment and secondary emission is generated elsewhere and flows towards 
equipment. Secondary emission can become substantial for high frequencies due to a 
low impedance seen from the grid side. The impact from connected end-user 
equipment has been found to have a much stronger influence on the propagation of 
high frequency currents than factors like damping in wires. This holds for power line 
communication as well as for emission from non-communicating equipment. 

1.6 List of contributing publications 
 
Part of the material in this thesis has been published at the following places: 
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2 Power Line Communication 
In Sweden, the change from manual meter reading at irregular intervals, to automatic 
remote meter reading at predefined instants was completed in July 2009 as discussed 
in Section 1.1.1. Several methods for communication between the meter and the 
network operator are in use; with power-line communication being used in about half 
of the meters in Sweden. The frequency range commonly used for this 
communication is 9 to 95 kHz as this frequency band is dedicated for use by the 
network operator according to CENELEC. The permissible signal level for 
communication in this frequency range is defined in European standard EN 50065 
[19]. In Figure 1 these permissible signal levels are shown as well as levels defined in 
EN 50160 [5] where it is stated that the three second average of the signal should not 
exceed the values shown in Figure 1 during 99 % of a 24 hour period. 
 

 
Figure 1 Levels specified in EN 50065 and EN 50160 recalculated to root mean square values 
 
There are many factors to consider when using a shared medium like the power grid 
for communication. Some factors are static and can be calculated while others are 
more complex and harder to predict.   
There are many different modulation techniques but only a few that are suitable for 
signaling on a shared medium like the power grid. The modulation type has to be 
resilient to a noise level and attenuation level that are always present but differ in 
magnitude both over time and frequency. The standard covering power line 
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communication via the power grid [19] does not specify which modulation technique 
should be used. Simplified, modulation can be done in three ways: the information 
can be found either in changes in amplitude, changes in frequency or changes in 
phase angle of a carrier wave. Amplitude modulation is not suitable for sending data 
over a shared media like the power grid since it is too sensitive to the presence of 
noise. That leaves frequency and phase modulation, which can be shown 
mathematically to be the same type of modulation. Both frequency and phase 
modulation come in different forms. 
The transfer of metering data takes place in digital form, which further limits the type 
of modulation used. Three commonly used digital modulation techniques used for 
power line communication are: 
 

Frequency Shift Keying (FSK) 
The simplest form of Frequency shift keying is binary FSK. BFSK uses two 
discrete frequencies to represent logic 0 and logic 1. This modulation 
technique is very resilient to narrow band interference [31].   
 
Phase Shift Keying (PSK)  
The most basic form of PSK is the binary phase shift keying; B-PSK where 
logic 0 and logic 1 is represented by a 180° phase shift, but also quite 
common is Quadrature PSK where four levels separated by 90° are used. The 
more levels used the higher data range can be sent but at the same time the 
need for high signal to noise ratio, SNR, increases. For automated meter 
reading via the power grid a high data range is often not as important as 
resilience to low SNR. 
 
Orthogonal Frequency Division Multiplexing (OFDM).  
OFDM is a robust modulation technique which is gaining popularity as the 
modulation of choice for Automated Meter Reading (AMR) as well as for 
internet access via the power grid. Open PLC European Research Alliance 
(OPERA) have defined OFDM as the modulation technique to use. One of 
the advantages is that it can reach nominal transmission speeds up to 200 
Mb/s. This is however more important for high speed internet access than for 
AMR. 

 
In order to ensure that the data sent by the transceiver is uncorrupted when it arrives 
at the receiver error correction is used. This can be done using different techniques; 
among the most common ones are checksum algorithms.  
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In Figure 2 a model of the power grid as a communication media is shown. The 
damping in the wires is as shown in Chapter 3 not that severe. Interference due to 
different signals originating from connected equipment can to a large extent be 
prevented by using different modulation techniques and error detection and correcting 
codes. The shunting by connected equipment is however both hard to predict and 
difficult to solve. 
 

 
Figure 2 Model of the communication channel (tx=transmitter; rx=receiver) 

Cyclo-
stationary 

Narrow band signals 

rx tx Damping in wires  +

+ Broad band signals 

Shunting by 
connected end-user 
equipment
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Most communication devices are configured as master/slave, with the concentrator as 
the master that sends a request to one power meter at a time asking the power meter 
to send its reading. The power meter acting as the slave does not send any data 
without being asked. The concentrators are connected at the substation and manage 
all the power meters under that station. 
 
 Different communication devices work with different durations; some send data 
continuously for a few seconds, while others make use of pulses of millisecond 
duration. One important factor is that even though extracting data from one meter 
only takes a few seconds like in Figure 3, Figure 4 and Figure 5 extracting data from 
all meters under one substation results in high frequency signals being present for 
long periods of time as shown in Figure 6. 
 

 
Figure 3 Question to and answer from one power meter. The shorter message on the upper left 
side in the figure is the question sent by the concentrator and the longer message in the lower 
part of the figure is the answer from the power meter, visible is also the third harmonic of the 
communication frequency when the answer is sent. Time between the black and white markers is 
8.16 seconds also indicated by the arrow on the left side. The measurement is done at the 
terminal of the power meter. 

 

Ti
m

e 
(s

) 

0 

8.16 



11 
 

 
Figure 4 Signal measured at the terminal of a concentrator, data being sent in pulses of a few 
milliseconds duration. 
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Figure 5 Signal in Figure 4 during longer time scale. The pulses of data are sent for little over 
five seconds. Time between the black and white markers is 17.47 seconds also indicated by the 
arrow on the left side. Measurement is done at the terminal of the concentrator. 
 
In Figure 6 the signal strength and background noise at communication frequency for 
one communication system is shown. The measurement is made for 24 hours at the 
point of common coupling of 12 power meters but visible is also communication 
from power meters and concentrators connected under other substations. 
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Figure 6 Communication signal over 24 hour in a low voltage network, note the scale on the y-
axis being dBV. The different colors indicate the three phases. 
 
As seen in Figure 6 communication takes place in all three phases. The crosstalk is 
quite severe, meaning that the signal strength during communication is high in all 
three phases as seen in Table 1. The upper row in Table 1 show the voltage amplitude 
at the communication frequency when data is sent and the lower row is the noise 
level when no communication is present. 
The noise level is rather similar in phase A and B and higher in phase C, also shown 
in Figure 6 where phase C corresponds to the red curve. The signal is applied 
between phase B and neutral but clearly affects both phase A and C as well.  
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Table 1 
Phase A Phase B Phase C

Signal level 0.27 V 1.06 V 0.21 V
Background

noise 2.0 mV 1.5 mV 4.1 mV
 
Note also that the voltage levels are well below the permissible levels shown in 
Figure 1 . 
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3 Impact of the power grid on power line 
communication 

There are several parameters that affect a signal when propagating through a medium. 
There will be damping of the signal in wires due to ohmic losses and reflections due 
to impedance mismatches. The topology of the low voltage network and the structure 
of the cables and overhead lines used will impact the damping.                                                                       
When looking at the impact of the power grid and of connected equipment on power 
line communication (plc), the impedance is seen either as a distributed element model 
with the different elements evenly distributed along the line or as a lumped 
impedance model. The distributed element model is more complex than the lumped 
impedance model but for distances longer than one fourth of the wavelength ( /4) this 
model might be needed for accurate calculations,  being 
 

. 
 
Where  is the phase speed of the wave and   is the frequency. For frequencies 
used for communication (9-95 kHz) this distance will decrease from  7900m at 9 
kHz to 700m at 95 kHz depending of course on the transmission media used. Low 
Voltage networks in Sweden are seldom longer than one kilometer even though there 
are exceptions. Low voltage networks in urban areas are typical a few hundred 
meters. 
 

3.1 Skin Effect 
The resistance of a conductor carrying AC is higher than for the same conductor 
carrying DC due to the skin effect and the proximity effect, see Section 3.2. An AC 
current flowing through a transmission line is not equally distributed over the cross 
sectional area of the conductor due to the skin effect. The high frequency current is 
more prone to flow near the surface of the wire (hence the name skin effect) and the 
density of the current will decrease exponential with distance to the surface [6] [7]. 
This phenomenon will increase the resistance of the conductor at higher frequencies 
since only a small part of the wire carries the majority of the current. The skin depth 
is the depth of the conductor as seen from the surface where the density of the current 
has decayed to  
 

   (3.1) 
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Where J0 is the current density at the surface of the conductor and e the base of 
natural logarithm. 
 
The skin depth can be calculated using Equation 3.2 
 

2

  (3.2) 
 

Where  is the resistivity of the conductor,  is the angular frequency of the current 
and μ is the product of the permeability of free space and the relative permeability of 
the conductor. The skin depth as a function of frequency is calculated and shown in 
Figure 7 for copper and aluminum, two common materials used for power lines.  
 

 
Figure 7 Skin depth for copper and aluminum. 
 
 
The skin effect will cause the resistance to be a function of frequency instead of being 
frequency independent. The frequency dependent part of the resistance for the 
conductor will increase with factor ys according to Equation 3.3 
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The higher the operating temperature, the higher the resistance and therefore the 
higher the damping of the communication signals. As the communication should 
function under any operating condition, the highest operating temperature should be 
used to calculate the resistance under worst-case conditions. 

3.2  Proximity effect 
When wires are in close proximity of each other the electromagnetic interaction 
between them can no longer be neglected. This is called the proximity effect. It 
results in an increase in current density on opposite or nearby side of the conductor 
depending on whether the nearby conductor carries current in the same or opposite 
direction.   
For frequencies above 2 kHz the proximity effect can have an influence on the 
impedance of a transmission line [8] and thereby adding to the attenuation of high 
frequency currents. The proximity effect also depends on the structure of the wire and 
the number of strands. In a screened cable for example, the magnetic field influence 
from nearby cables is minimized by the screen [9]. The proximity effect factor for a 
three wire core and a three single core cable can be calculated according to Equation 
3.4    
 

  (3.4) 

 

Where 
DCt

p
p R

kf
x

7
2 108

, f is the frequency (Hz), kp is 1 for circular, stranded and 

sectored wires,  RDCt is the resistance for DC at the operating temperature t , S is the 
distance between the conductor centers and dc equals the diameters of the conductors 
[10]. 
Combining Equation 3.3 and Equation 3.4 gives the resistance for alternating current 
according to Equation 3.5 
 

)1( psDCtACt yyRR   (3.5) 

 
The AC resistance for a one kilometer long wire is shown in Figure 8. When 
increasing the frequency both ys and yp increase but ys more so than yp so the majority 
of the increase in resistance is due to the skin effect. 
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Figure 8 Resistance per kilometer for a wire at frequencies from DC to 150 kHz. 

3.3 Crosstalk 
Another possible source of interference is crosstalk between different phases. Part of 
the communication signal will transfer from one phase to another phase. This can be 
due to mutual capacitive coupling via electric field or due to mutual inductive 
coupling via magnetic field. If we assume a short line (as discussed earlier) the 
coupling can be described by a lumped-impedance model in the line. There are 
occasions where a transmission line model has to be considered also for estimating 
the crosstalk but for most cases the lumped model is sufficient [11]. Such a lumped-
impedance model for crosstalk is shown in Figure 9.   
 

 
Figure 9 Crosstalk via mutual capacitance (left) and via mutual inductance (right). 
 
Further can three-phase equipment cause crosstalk between the phases; also the 
common neutral conductor can give crosstalk between the phases. Measurements 
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have shown that crosstalk of the communication signal can be rather severe between 
phases; an example was shown in Chapter 2. 

3.4 Characteristic impedance of a transmission line  
 
   
The characteristic impedance determines the amount of current that flows when a 
given voltage is applied to an infinitely long line. 
The characteristic impedance of a transmission line depends somewhat on the 
structure of the line; it can be expressed by Equation 3.6. A schematic representation 
of a transmission line is shown in Figure 10 
 

CjG
LjRZ0

  (3.6)
 

 
where  
R= is the resistance per unit length 
L= is the inductance per unit length 
C= is the capacitance per unit length 
G=is the conductance of the dielectric per unit length 
 

 
Figure 10 Schematic representation of a transmission line based on telegrapher's equation. 
 
The resistance per unit length for a four sector cable is:  

  (3.7) 
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Where  is the frequency,  is the permeability of free space,  is the specific 
conductivity of the wire and  is the radius of the wire. The capacitance per unit 
length for a four sector cable is: 
 

  (3.8) 
 
Where  is the dielectric constant,  is the relative dielectric constant,  is the 
distance between the wires and  is the radius of the wire. 
The inductance per unit length for a four sector cable is: 
 

  (3.9) 
 
Where r is the radius of the cable,  is the distance between the wires, and  is the 
permeability of free space 
The leakage conductance of the dielectric per length can be calculated by Equation 
3.10 where tan is the loss factor of the dielectric from the capacitance. A typical 
cable used in a low voltage network is a PEX insulated cable with a tan of 0.02 
[22]. 
 

tan2 CfG   (3.10) 
 
According to [6] standard values for a low voltage cable is L=0.25-0.31 mH/km and 
C=0.34-0.8 μF/km. A line is considered slightly lossy if  and  and 
equation 3.6 can be reduced to: 
 

  

 
Under this assumption, characteristic impedance for a low voltage cable lies between 
19 and 27 . Overhead lines are more inductive and less capacitive than cables.                                            
  
The propagation constant is a mathematical way to describe the propagation of a 
signal along a transmission line according to equation 3.11.  
 

)(*)( CjGLjRj  (3.11) 
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The attenuation constant  is defined by Equation 3.12, and is used to describe a 
decrease in amplitude as a signal propagates through a medium and the phase 
constant  in Equation 3.13 describes the sinusoidal amplitude along the transmission 
line. 

)(34.4 0
0

GZ
Z
R  dB per unit length (3.12) 

 
LC radians per unit length (3.13) 

 
The characteristic impedance of cables and overhead lines used in a power system is 
not the same for all cables or lines. As a result from this a communication signal can 
suffer reflections when flowing through the power grid. This is discussed further in 
Section 3.5.   
 

3.5 Reflections, impedance mismatch  
When a signal propagates through a low voltage network it will experience different 
wave impedances as the medium change from overhead lines to cables or when the 
cross sectional area of the conductor changes. Also the branching off of a lateral is 
associated with a change in wave impedance. These changes will cause the signal to 
reflect, as can joints in overhead lines and cables. How severe this reflection will be 
is determined by the reflection factor r in Equation 3.14.   
 

21

21

ZZ
ZZr

  (3.14)
 

 
From an example in [6] where the reflection factor for a transaction from a ground 
cable with characteristic impedance of  50  to an overhead line with characteristic 
impedance of a 470  is calculated we learn that this reflection can be rather severe. 
 

  (3.15) 
 

With this severe impedance mismatch 80.7% of the transmitted signal would be 
reflected back to the transmitter.  
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4 Impact of end-user equipment on power line 
communication 

4.1 Interactions between power line communication and end 
user equipment 

Based on a large number of measurements performed in the laboratory as well as in 
the field, five different types of interactions between connected loads and plc have 
been defined in Paper IV [30].  
 

Type I.   
High voltage or current levels at the communication frequency due to 
emission by end-user equipment. This can result in loss of the communication 
signal or in transmission errors. 
 
Type II.   
The end-user equipment creates a low-impedance path at the communication 
frequency. The result is that only a small part of the communication signal 
arrives at the location of the receiver. 

Type III.   
The voltage signal used for communication results in large currents through 
the end-user equipment. This can result in overheating of components or other 
interference with the functioning of the equipment. 
 
Type IV.   
Non-linear end-user equipment exposed to a voltage at the communication 
frequency results in currents at other frequencies, typically harmonics of the 
communication frequency. 
 
Type V. 
The distortion of the voltage waveform due to the communication signal 
results directly in mal-operation of end-user equipment. 
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A distinction was also made between disturbance and interference as common in 
electromagnetic compatibility studies. A disturbance is defined as any deviation from 
an ideal sinusoidal voltage or current. Any component in addition to the mains 
frequency that can be measured is classified as a disturbance. Interference is when an 
electric devise is adversely impacted by a disturbance. In Table 2 an overview of the 
five defined disturbances and the possible interference associated with it is given. 

Table 2 Overview of the interaction between communication equipment and end-user equipment 
 Disturbance Interference 
I Voltage or current distortion due to 

end-user equipment at frequencies used 
for communication 

The communication signal drowns in 
the disturbance and the 
communication does not succeed. 

II The end-user equipment creates a low-
impedance path at the communication 
frequency.  

Only a small amount of the 
communication signal arrives at the 
received and the communication does 
not succeed. 

III The communication signal results in 
large currents through the end-user 
equipment. 

Reduction in life-length and incorrect 
operation of the equipment. 

IV Non-linear end-user equipment 
exposed to the communication signal 
results in currents at other frequencies. 

Any possible adverse impact due to 
the new frequency components, 
including interference with 
communication. 

V Distortion of the voltage waveform due 
to the communication signal. 

Incorrect operation of the end-user 
equipment. 

 

4.2 Connected equipment 
The static factors that can impact the communication, like damping in wires, 
discussed in the previous chapters, can be calculated and can be taken into 
consideration when using the power line as a communication media. The power lines 
are however designed for transmission and distribution of power at low losses at 
fundamental frequency 50 Hz or 60 Hz. This power is then used to operate end user 
equipment in the costumer installation. As costumers connect and disconnect 
equipment the properties of the power line as a communication media change. End 
user equipment adds to the noise level and also affects the impedance in the 
frequency range 9 to 95 kHz. A limited number of studies exist on these phenomena 
[13] [14] [15] [16]. There is a huge variety of equipment on the market and 
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measurements have shown [17] that seemingly similar devices, for instance two LCD 
TV’s, can have different behavior in higher frequencies concerning emission and 
impedance. The source impedance seen from the equipment can cause the same 
equipment connected at two different locations to have different high frequency 
behavior as shown in paper I [18]. To get a better understanding on how equipment 
behaves in the frequency range of interest, the terms “primary emission” and 
“secondary emission” have been defined: The primary emission from an appliance is 
generated by the electronics in that appliance whereas the secondary emission is 
generated in nearby connected appliances and flows through the low impedance input 
of the affected appliance [26].  

   

Impedance/Secondary emission  4.2.1
End user equipment can be categorized depending on their impact on the high 
frequency impedance seen by the communication device. 
 

No impact 
Time varying impact 
Time independent impact 
 

No impact equipment includes incandescent lamps and other purely resistive loads.  
Time varying devices are typical those equipped with a diode rectifier like compact 
florescent lamps; time independent devices include any devices that have an EMC-
filter connected on the grid side. Note that we consider the time-dependence on a 
time scale of one cycle of the fundamental frequency, i.e. 20 milliseconds in a 50 Hz 
system. Any time dependence due to connecting and disconnecting of the equipment 
is not considered here. A typical EMC filter for a single phase device like a computer 
is shown in Figure 11. An EMC filter is designed to reduce emission between 150 
kHz and 30 MHz. The capacitor labeled CX is connected between phase and neutral 
on the grid side and is used to suppress differential mode noise. The CX capacitor 
will also decrease the impedance for currents in the frequency range 9 to 95 kHz as 
long as the filter is connected to the grid. The impact on the impedance level from 
these kinds of devices is independent of time (time scale one cycle of fundamental) 
i.e. signals at fundamental voltage zero crossing will experience the same impedance 
as a signal at voltage peak.    
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Figure 11 EMC filter for a single phase load. 
 
Time varying loads like CFL’s have a rectifier bridge connected between phase and 
neutral as shown in  
Figure 12. On the load side of the bridge there is normally an electrolyte capacitor 
connected to smooth the ripple from the bridge. When the diodes in the bridge are 
conducting, the capacitor will decrease the impedance for high frequencies. 
  

 

Figure 12  Rectifier Bridge and smoothing capacitor. 
 
The result is that the impedance seen from the grid side will not be constant during 
one cycle of the fundamental. Instead the impedance will be low when the diodes are 
conducting and high when the diodes are not conducting. Interaction type III and type 
IV as defined in paper IV and Section 4.1 are caused by this secondary emission. 
 

Emission/primary emission 4.2.2
Emission from end user equipment in the frequency range 9 to 95 kHz can take the 
form of: 

narrowband emission (bandwidth less than 5 kHz) 
broadband emission 
cyclo-stationary emission 
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In order to interfere with a narrowband communication signal the emission has to be 
narrowband at or very near the communication frequency, the broadband emission 
has to have amplitude that makes the signal to noise ratio (SNR) too low or, for some 
systems, emission has to occur at the zero crossing, disturbing the synchronization 
[20]. Narrowband emission typically consists of residues from the switching element 
in end-user equipment like computers or flat screen TV’s. Broadband emission is 
typically emitted by end user equipment with active power factor correction (APFC). 
This type of emission can also be viewed as narrowband emission at different 
frequencies with very short duration due to operating method of the APFC [27]. 
Cyclo-stationary emission or reoccurring oscillations can be described as an emission 
that is linked to the fundamental voltage waveform so that emission occurs at for 
instance every voltage zero crossing i.e. twice every 50/60 Hz cycle but is not present 
at any other time. This type of emission can originate from fluorescent lamps [21]. 
Emission from CFL’s can be described as narrowband emission but also as cyclo-
stationary as the emission is only present when the CFL draws current, usually before 
or at the voltage peak. An example of the current taken by a typical CFL in relation to 
the voltage can be seen in Figure 13.   



28 
 

 
Figure 13 Voltage (green) and current (blue) to a CFL 11W. 
 
To quantify the emission from an end-user device the current and voltage are 
measured and often a DFT is applied to the measured data in order to get more 
information in the frequency domain. In Figure 14 the spectrum of the current drawn 
by a CFL, as obtained from a DFT, is shown. The component at 39 kHz is due to the 
switching element in the lamp and the component at 78 kHz is the second harmonic 
of this switching. There is a broadband component with decreasing amplitude from 9 
to 30 kHz due to the sharp edge of the current as the lamp starts to draw current. 
There is also a broadband component around 90 kHz which does not originate from 
the lamp. Looking at the spectrum one can conclude that the high frequency emission 
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from a CFL is in the form of a narrow band component at the switching frequency 
and its harmonics as well as a broadband spectrum. 

 
Figure 14 DFT of the current drawn by a CFL.  
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In order to examine the signal in both the time domain and the frequency domain the 
short time Fourier transform is used in [22]. The short time Fourier transform has 
proven to be a useful tool to analyze distortion at higher frequencies.  The 
spectrogram of the current drawn by a CFL is shown in Figure 15. The cyclo-
stationary behavior of the emission is clearly visible. The component at 39 kHz is 
present when the lamp draws current. The sharp edge of the current as the CFL starts 
to draw current causes the disturbance throughout the frequency range 9 to 30 kHz 
which is present for only half a millisecond. During the time when the CFL doesn’t 
draw current no emission originates from the lamp.   
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Figure 15 Spectrogram, obtained by applying the short time Fourier transform, of the current 
drawn by a CFL. 
   

4.3 Resonances between wires and end-user equipment 
Modern appliances like flat-screen TV’s and CFL’s are capacitive loads. 
Transformers, overhead lines and in house power cords are typically inductive. As 
always with inductances and capacitances in a circuit, series and parallel resonances 
occur at the frequency for which the inductive and capacitive reactance are equal. In 
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case of a parallel resonance the source will see maximum impedance at the resonance 
frequency. For a series resonance it is the opposite, minimum impedance at resonance 
frequency.  The frequency where resonance occurs is obtained from:  

 

 
In paper I [18] an experiment was conducted to find the series resonance point 
between a laser printer and the power cord [24]. It was shown that it is feasible that a 
power cord together with a capacitive appliance can have series resonance point in 
the frequency range of interest. The conclusion being that one appliance can have 
different shunting ability depending of the length of the power cord used to connect it 
to the outlet.  This brings further complexity to the impact of end-user equipment on 
power line communication. 

Affected components 4.3.1
Interaction Type III is described in Paper IV [30] and in Section 4.1 as “The voltage 
signal used for communication results in large currents through the end-user 
equipment. This can result in overheating of components or other interference with 
the functioning of the equipment”. One of the components that are believed to be 
affected in terms of overheating is the electrolyte capacitor. Electrolyte capacitors are 
used as smoothing capacitors in filtered power supplies and as coupling capacitors. A 
simple model for the electrolyte capacitor consists of an inductance and a resistance 
in series with a capacitor and a resistor in parallel, as shown in Figure 16. The model 
consists of an inductance representing the inductance in the wires and electrodes 
called the equivalent series inductance (ESL), a series resistance representing the 
resistance in the wires, the electrodes and the losses in the dielectric; this part is 
referred to as the equivalent series resistance (ESR) and a parallel resistance 
representing the insulation resistance in the dielectric. The main cause of shortened 
lifetime for an electrolyte capacitor is heat, both ambient temperature and internal 
heating caused by ripple currents.  
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Figure 16 model of an electrolytic capacitor. 
 
The part in the model in Figure 16 that can be affected by emission from nearby 
connected appliances as well as power line communication is ESR as this represents 
the heating due to excessive ripple currents.  The ESR is used as a catchall term of 
where all losses in the capacitor occur and the losses caused by Rparallel are included in 
the term. The ESR will thus be the sum of the ohmic resistance of the foil, wires and 
electrodes (Rohmic), frequency dependent resistance of the dielectric layer (Rdielectric) 
and the temperature dependent resistance of the electrolyte solution and spacer paper 
(Relectrolyte). 
 
 

 

 

 

 
 is the dissipation factor of the dielectric layer, f is the frequency , C the 

capacitance. The ohmic resistance (typical some 10 m ) and the temperature 
dependent part of ESR will not be further discussed. 
A ripple current  through the capacitor will cause a rise in temperature both at the 
surface of the capacitor and at its core [29]. The heat generated by electric losses can 
be calculated by:   
 

 
 

RparallellESR ESL 

C 
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A measurement of the ripple current through an electrolyte capacitor used as a 
smoothing capacitor after the diode rectifier in a CFL is shown in Figure 17 and 
Figure 18. 

 
Figure 17 Spectrum 0-2 kHz of the ripple current . 
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Figure 18 Spectrum 9-95 kHz of the ripple current in the CFL when connected alone (upper) 
and when exposed to communication (lower). 
 
In addition to the 100 Hz (and multiples of the same) ripple current for which the 
capacitor is dimensioned there is also a ripple current at the communication 
frequency and its harmonics. The amplitude of the communication signal is in parity 
with the fourth harmonic, 400 Hz of the ripple current. Currents of any frequency will 
contribute to the self-heating of the capacitor according to  
 

  (4.1) 
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Where IR is the RMS value of the rated ripple current, If1…Ifn is the RMS value of 
ripple currents at frequencies f1 to fn; Ff1… Ffn is the correction factor for current at 
frequencies f1 to fn and 
 

  (4.2) 

 
Where f0 is the reference frequency of the nominal ripple current. This correction 
factor can often be found in data sheets for selected frequencies. For the measured 
capacitor the frequency correction factor for ripple current is given in Table 3 [28]. 
As can be concluded from equation 4.1 and equation 4.2, currents at lower 
frequencies are more damaging for the capacitor but these currents are also easier to 
predict.  
 
Table 3 
120 Hz 1 kHz 10 kHz 100 kHz
0.5 0.8 0.9 1.0
 
Assuming 1mA ripple current at every frequency specified in Table 3 with an ESR of 
1  the power generated will be according to Table 4. 
 
Table 4 
120 Hz 1 kHz 10 kHz 100 kHz
4 μW 1.56 μW 1.23 μW 1.0 μW
 
As shown in Table 4, a ripple current at 120 Hz generates four times the power as the 
same current at 100 kHz, assuming identical ESR at the reference frequency, for this 
specific capacitor. It should be noted however that the total heating of the capacitor is 
due to the sum of the contributions over all frequency components. Thus, even 
though the 120 Hz component will typically give the biggest contribution of any 
individual frequency component, the contribution of all other frequency components 
might still be significantly higher. 
 
The component at 12.5 kHz in Figure 18 is the communication signal; the harmonics 
of that signal are also visible at 25 kHz and 37.5 kHz etc. The broadband frequency 
components above 40 kHz and 80 kHz are the emission from the switching element 
in the CFL. For the measured capacitor the ripple current is specified at 90 mA, 
105°C, 120 Hz [28]. Using the measured values and the values specified in the 
datasheet it is shown that the total ripple current increases with 80% when the CFL is 
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exposed to this communication signal. If we compare the power generated by 100 Hz 
ripple to the power generated by the communication signal at 12.5 kHz we see that 
the communication signal with an amplitude of 15mA and correction factor of 0.9 
generates 6.4 μW and the 100 Hz ripple with amplitude of 49 mA, correction factor 
0.5, generate 17 μW. A communication device can potentially generate high 
frequency currents at relatively high amplitude, an example is shown in paper IV 
where 2 Ampere 12.5 kHz was measured at the inlet of a LCD TV.  This increase 
could cause internal heating of the capacitor but as shown in Chapter 2, the 
communication signal is not present continuously. Many communication systems are 
configured to pull data during the night when the noise level is believed to be lower 
but s shown in paper IV many appliances have their EMC-filter (and CX capacitor) 
connected as long as the appliance is plugged in to the outlet.   
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5 Interaction between end-user devices 
Paper II and paper III are based on numerous measurements on end-user equipment 
commonly found in domestic residences such as different kinds of lighting, TV, 
microwave oven etc. The focus of the measurements done during this work has to 
some extent been energy saving lamps such as compact fluorescent lamps (CFL’s) 
and lamps using light emitting diodes (LED lamps) as they are becoming more 
dominant on the market and the effect on the grid from them remains largely 
unknown.  
From the measurements presented in those papers, an important difference has been 
discovered between the spread from equipment to the grid for low-order harmonics 
and emission in the frequency range of interest for this work. Low order harmonic 
currents tend to travel towards the power transformer with some aggregation effects.  
Currents in the higher frequency range (2-150 kHz) travel between nearby connected 
loads to a much higher degree than towards the power transformer. The same low-
impedance appliances that cause Type III interaction between power-line 
communication and equipment are also responsible for this phenomenon. This is 
good news for the grid operators but can add stress to the low impedance appliance 
affected. This could be especially important for small (often only a few Watts) 
appliances like existing CFL’s and LED lamps; they have to withstand emission from 
kW appliances like heat pumps and chargers for electric cars. Appliances with an 
EMC filter or a smoothing capacitor add capacitance which can cause resonance with 
the inductance from the wires or with equipment that has an inductive character.    

5.1 Compact fluorescent lamps 
A compact florescent lamp, CFL, is as the name suggests a small fluorescent tube 
with integrated ballast. Such lamps are more efficient than an incandescent lamp, 
approximately 40 lumen per Watt, versus 14.5 lumen per Watt for a 60-Watt 
incandescent lamp. The operating frequency of a CFL is often just above 40 kHz. 
This frequency range is selected so that infrared communication systems are not 
disturbed (infrared communication systems often operate in the frequency range from 
30 kHz to 40 kHz) and so that the third harmonic of the switching frequency does not 
exceed 150 kHz. A commonly-used CFL has a power factor of 0.6 and is capacitive. 
One of the major advantages, besides the lower energy consumption, with CFL’s (and 
even more so with LED lamps) compared to incandescent lamps is the prolonged 
lifetime. Due to the interactions between end-user equipment (and between end-user 
equipment and power-line communication) a small load like a CFL could easily be 
exposed to current and voltage distortion of significant magnitude. An example in 
paper II shows that a CFL connected near an induction cooker is exposed to emission 
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from the induction cooker that is many times higher than the emission from the lamp 
itself. The emission from a CFL could also reach the inlet of the induction cooker but 
as it would only be a fraction of the induction cooker’s own emission it would be 
difficult to detect and it is not expected to have any adverse impact.    
 

5.2  Light emitting diodes 
Lamps using Light Emitting Diodes (LED lamps) are believed to take a big part of 
the market when the incandescent lamps will be banned. LED lamps are very 
efficient and can, with the current state of the art, produce up to 100 lumens per Watt, 
compared to 14.5 lumens per Watt for incandescent lamps [33][34]. There are 
different topologies for LED lamps and the development is ongoing. For the lamps on 
the market today the topology is quite similar to that of the CFL, with a rectifier 
bridge and a smoothing capacitor as the first step seen from the grid. [32]. The 
lifetime of LED lamps is significantly longer than that for incandescent lamps. For 
light emitting diodes the lifetimes is specified to 50 000 hours but the overall lifetime 
depends on the lifetime of every component used in the lamp. For that reason the 
lifetime of LED lamps is specified to last for 25 000 hours (as long as they are used in 
an open luminaire) [35]. A commonly-used LED lamp has a power factor of 0.6 and 
is capacitive. 

5.3 Propagation of high frequency currents 
Measurements on CFL’s and other common household equipment have shown that 
the amplitude of the high frequency current, measured at the point of common 
coupling (PCC), decreases as the number of CFL’s connected increases [25] and 
paper III. This is not the case with harmonic currents in the frequency range below 2 
kHz as shown in Figure 19. An experiment was conducted where seven incandescent 
lamps were connected at one site; these lamps were then changed one by one until all 
seven lamps were CFL’s. The harmonic currents were measured at the delivery point 
for every shift and in Figure 20 the total harmonic distortion as well as the harmonic 
current for third, fifth and seventh harmonic is shown. As non-harmonic equipment is 
replaced by equipment rich in harmonic current, the amplitude of the harmonic 
current increases at the delivery point of the test site. Harmonic currents travel 
towards the grid and the magnitude of them measured at the PCC is basically the sum 
of the harmonic currents emitted by the equipment connected at the site. From 
measurements done in paper II and III it was concluded that high frequency currents 
propagate in between equipment to a much higher degree than towards the grid. 
Simulations made in [26] have shown that this conclusion is plausible.  This is an 
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important observation when it comes to establish the high frequency immunity levels 
for appliances.  Individual appliances can meet a much higher disturbance level than 
can be measured at the delivery point.

 
Figure 19 Propagation of harmonic currents, left, and propagation of high frequency currents, 
right. 
 
 

 
Figure 20 Harmonic current when seven lamps are being changed from incandescent to CFL’s. 
 
In paper III measurements in a typical domestic installation are presented. A test site 
was equipped with appliances commonly found in residences as well as numerous 
lamps. The model house is built with realistic cable length for a domestic costumer in 
an urban area in Sweden. The main aim of the measurements was to examine the 
impact on the grid when the lights were changed from traditional incandescent 
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towards more energy efficient types. For one of the measurements the total load 
current was obtained as well as the current for a group of 12 lamps. In Figure 21 the 
result from two cases is shown: all lamps are of LED type (upper row called Far 
Future); and when the lamps are a mix of CFL and LED (lower row called Future). 
The high frequency emission measured at the terminal of the 12 lamps consist of 
emission from the appliances connected as well as the emission from the lamps them 
self. There is a significant difference between the lamp current in the two cases (right 
side in Figure 21). The interaction between the lamps and the rest of the installation is 
stronger when the group of lamps contains CFL’s than when all lamps are of LED 
type. This experiment shows that the interaction between equipment results in 
emission flowing between end-user equipment and only a small portion flows to the 
grid. The interaction depends on the topology of the equipment connected. 
 

 
Figure 21 Spectrogram 2-150 kHz for the total load current for the scenario when all lamps are 
of LED type (upper left) and a mix of CFL and LED (lower left) and for the current drawn by 12 
LED lamps (upper right) and 6 CFL together with  6 LED (lower right). 



43 
 

5.4 Resonances between appliances 
A measurement on a heat pump and an induction cooker made in the model house in 
the Pehr Högström Laboratory indicated a resonance phenomenon as shown in Figure 
22 and Figure 23. The high frequency current at 18 kHz with an amplitude of 0.033 
Ampere generated by the heat pump is amplified four times to 0.145 Ampere when 
the induction cooker is connected. This 18 kHz current is not present when the 
induction cooker is connected alone. From the individual measurements presented in 
the figure, the conclusion is drawn that the 18 kHz signal is generated by the 
switching element in the heat pump and that it is amplified by a resonance between 
the heat pump and the induction cooker. The heat pump was found to be inductive 
and the induction cooker capacitive.  
At the same time as the measurements at the equipment terminals, the current at the 
delivery point was measured. It was shown that only a small portion of the high 
frequency current travelling between the two devices is present at the delivery point 
as seen in Figure 24.  
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Figure 22 Current drawn by an induction cooker connected alone (upper left), current drawn by 
the same induction cooker connected near a heat pump (upper right), Current drawn by a heat 
pump connected alone (lower left), current drawn by the same heat pump connected near an 
induction cooker (lower right).   
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Figure 23 Spectrum of current drawn by an induction cooker connected alone (upper left), 
spectrum of current drawn by the same induction cooker connected near a heat pump (upper 
right), spectrum of current drawn by a heat pump connected alone (lower left), spectrum of 
current drawn by the same heat pump connected near an induction cooker (lower right). 
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Figure 24 Spectrum of the current at the delivery point when both the induction cooker and the 
heat pump are connected, note that the scale of the y-axis is a factor of ten smaller than in Figure 
23.
 
These measurements show again that the current flowing at the delivery point has no 
relation to the current flowing between equipment. 
Resonance phenomena are expected to happen more frequently as household 
equipment becomes a mixture of equipment with a capacitive behavior and 
equipment with an inductive behavior while at the same time the amount of resistive 
equipment providing damping becomes less.  Here it should also be noted that this 
resonance was discovered by coincidence; no attempt was made to select equipment 
such that resonance would be likely. 
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6 Conclusions 
This work has led to an increase in knowledge about phenomena in the frequency 
range 2 to 150 kHz. This increase in knowledge especially concerns the interaction 
between equipment connected to the grid and power line communication and 
interaction between devices connected to the grid. A division has been made into five 
different types of interaction between power line communication and end-user 
equipment. The most dominating component with these interactions has shown to be 
the capacitor connected on the grid side of the interface between the device and the 
grid. It has been concluded that the impact from connected equipment on power line 
communication is much stronger than the impact from the grid such as damping in 
wires. Costumers connect and disconnect equipment all the time and there is no way 
of knowing which equipment is connected at a specific moment in time. It has also 
been shown that the same equipment can have different impact depending on where it 
is connected. This makes potential interference from end-user equipment on power 
line communication, and vice versa, very hard to predict. It has been shown that the 
signals generated for the purpose of communication have by far the highest amplitude 
measured in the frequency range 9 to 95 kHz in the grid. For that reason future 
immunity standards in this frequency range should be based on permissible levels for 
power line communication.  
It has also been shown that the interaction between connected equipment in the 
frequency range 2 to 150 kHz differs from the interaction taking place in the 
frequency range below 2 kHz. High frequency emissions flow between devices to a 
much higher degree than towards the power transformer. It is also important to 
remember that end-user equipment is impacted the same way by a useful 
communication signal as by the residue from the switching element in a nearby 
connected device. 
 To be able to quantify the emission in this frequency range a distinction has been 
made between primary emission and secondary emission.  Primary emission is 
generated by the device and can be measured at the terminal of the device when 
connected to a sinusoidal power source. Secondary emission is generated elsewhere, 
by another device or by power line communication, and can be measured at the 
terminal of the device when part of an installation with multiple source of emission.  
 Resonances occur when a network contains both inductive elements and capacitive 
elements. When a resonance occur the only element damping the resonance is the 
resistance in the network. Household appliances become less resistive as 
incandescent lamps and resistive heating are replaced by energy saving lamps and 
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heat pumps.   A resonance between a heat pump and an induction cooker was found 
by coincidence during the work and the occurrence of phenomena like this is 
expected to increase. 
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7 Future work 
There remains a lot of work to be done in the frequency range 2 to 150 kHz. 
Consequences from high frequency distortion are still largely unknown. It is 
important that the work of mapping distortion in this frequency range continues so 
that relevant and reproducible experiments can be developed.  In addition there is also 
a need for more detailed models so that accurate simulations, which give more 
flexibility than measurements, can be performed. Deterioration or shortened lifetime 
of components could be a consequence from high frequency distortion. Long-term 
experiments where equipment is exposed to distortion need to be performed in a 
controlled environment.  High levels of distortion due to power line communication 
should be first priority in such a test as it seems to be the signal with the highest level 
on the grid today. In the next step possible reduction in life length for low-power 
equipment (e.g. energy saving lamps) due to emission from high-power equipment 
(like a charger for an electrical vehicle) should be investigated.  
Since resonances are expected to take place it is important to continue research on 
this topic. High levels of distortion will be the result if resonances occur and this 
could be especially damaging in combination with power line communication.  A 
resonance between a low-power and a high-power device could result in damage to 
the low-power device. A combination of measurements and simulations is needed to 
further study resonances in the frequency range 2 to 150 kHz. Simulations are needed 
to design the experiments   and measurements to estimate the damping in the system 
and verify the simulations.  
 Quantitative knowledge in this field is further required for future standards in this 
frequency range.  
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ABSTRACT 
 
This paper will give examples of the potential problems 
associated with remote-meter reading via the power grid 
and describe some of the technologies available. Examples 
will be given of practical cases in which the communication 
channel does not function in the intended way. Three 
potential problems with communication via the power grid 
are identified in the paper: 

 The noise level is too high for the information to 
reach the receiver 

 The attenuation at the frequencies used for 
communication is too high. Several cases have 
been identified where this made communication 
impossible. Certain types of end-user equipment 
cause a large attenuation of the communication 
signal, so that a too small amount of the signal 
reaches the receiver 

 Interference with other equipment. A flicker 
problem was found due to a modulated 100-Hz 
signal used for communication 

INTRODUCTION 
In Sweden, the change from manual meter reading at 
irregular intervals, to automatic remote meter reading at pre-
defined instants is planned to be finished in July 2009. It 
seems feasible that at least half of the remote meter 
communication devices will use the power grid the first 
distance from the power meter. The main reason is simple: 
this communication medium is available at all places where 
electricity has to be metered. However, the power grid is 
not designed as a communication channel. It is constructed 
to deliver electrical power with low losses at the power-
system frequency (50Hz in Sweden), and the 
communication has to share this channel. The frequency 
range used for automated meter reading is 9 to 95 kHz (with 
some exceptions); the same range is often used by switch 
mode power supplies. The characteristics of the power line 
as a communication channel vary with time, because loads 
are constantly connected and disconnected. Impedance 

mismatches occur due to different cables and channel splits. 
Crosstalk between phases is also very common and 
therefore, if communication is present on one phase it will 
affect the other two. Each load connected has a different 
effect on the characteristics of the power line, and there is 
no way to predict what kind of load will be present at a 
specific moment in time [1] [2]. 
 

POTENTIAL PROBLEMS 

Interfering signals 
 
A multitude of signals are present on the power network: 
power electronics and other loads generate some of them; 
and others are generated for communication. For 
communication, all other signals but the intended ones are 
considered as interfering signals or noise. Power electronic 
devices are a common source of such noise. These devices 
meet the requirements of the product standards according to 
conductive emission by EMC filter. Those standards place 
limits to the emission levels above 150 kHz and below 2 
kHz. In Cenelec’s A-band (9-95 kHz), commonly used for 
power-line communication, there are no restrictions for 
conductive emission generated by connected equipment.  If 
a signal, e.g. from a switch mode power supply like in 
Figure 1, coincides with a communication signal, 
deciphering such a mixed signal would be difficult. 
  

 
Figure 1, a signal originating from an UPS, amplitude in 
volts. 



C I R E D 19th International Conference on Electricity Distribution Vienna, 21-24 May 2007 
 

Paper 0186 
 

 
 

CIRED2007 Session 6 Paper No  0186     Page 2 / 4 
 

Attenuation  
 
Experience from measurements at a significant number of 
locations, show that attenuation will probably be the most 
serious challenge to signaling on the power grid in the 
future. Attenuation is defined as a decrease in signal 
amplitude, or the difference between the signal level at the 
output and the input of the communications channel. 
The communication signal will always experience 
attenuation due to losses in the cables, and this attenuation 
is well known. The solution to this kind of attenuation is to 
keep the distance between the sender and receiver short or if 
the distance is too long, to use a repeater. The big challenge 
for power-line communication is a different kind of 
attenuation: attenuation by shunting. This is caused by end-
user equipment connected to the grid. Every piece of 
equipment affects the characteristic of the communication 
channel.  The earlier-mentioned EMC filters often have a 
capacitor connected between phase and neutral. The power 
cord and other cables in the power grid, add inductance and 
capacitance to the circuit. The capacitance of the filter 
creates a resonance circuit with the inductance of the power 
grid.  At the resonance frequency the impedance of the filter 
will be substantially lower than the impedance of the rest of 
the channel. If the resonance frequency and the 
communication frequency are close the majority of the 
communication signal will run through the load, leaving 
only a small signal to reach the receiver at the other end of 
the communication channel.   The filter or the electrical 
equipment responsible for the resonance circuit will 
effectively shunt the communication signal and basically 
block any attempt of signaling using at or near this 
resonance frequency.  
A filter makes no distinction between interfering signals and 
communication signals. The increasing number of EMC 
filters is therefore, by itself, a threat to the communication 
via the power grid, mainly by absorbing the communication 
signal and thereby attenuating the signal. When the signal is 
attenuated, the communication also becomes less resilient to 
noise. Therefore it is often incorrectly concluded that it is 
the noise emitted by the equipment that causes interference 
with the communication channel. However it is not that 
noise, but the attenuation caused by the low impedance of 
the EMC filter as seen from the site of the transmitting 
equipment. 
 

MEASUREMENTS  
 
A number of measurements have been conducted to 
examine how connected loads affect the communication and 
how the communication affects the loads. In many cases 
attenuation and not interfering signals, have been the reason 
for communication failures.  
 

Attenuation measurements on site 
 
In this section an example of a communication failure due 
to attenuation, at a school is further explained. The 
communication system uses frequencies ranging from 9 to 
95 kHz [3], [4].  
 

 
 
Figure 2, left, communication with the server connected, 
right, communication when the server was disconnected. 
 
The investigation showed that a server used by the school 
caused severe attenuation to the communication signal as 
shown in Figure 2. When the server was disconnected, the 
received communication signal was substantially greater. In 
combination with high-frequency fluorescent lamps, that 
also caused slight attenuation, the communication failed. 
The lighting was turned off during the nights, but the server 
was normally connected at all times. 
The server was moved to a different phase and this reduced 
the attenuation enough for the communication to be 
successful. It is not feasible in the long run to dedicate a 
phase to power line communication, since the power grid is 
designed for power delivery. 
 

Attenuation measurements in the laboratory 
 
The theory that the capacitor and the inductance of the 
cables caused resonance was tested in a lab. By varying the 
cable lengths, and thereby varying the inductance, the 
resonance frequency will change, [5]. 
 
 

Cable length 
(m) 

Minimum |Z| 
( ) 

Resonance 
Frequency (kHz) 

0 0.30 78.6 
1.8 0.35 73.4 
3.6 0.44 68.0 
7.2 0.58 61.4 

25.8 0.90 45.8 
45.8 1.27 38.0 

Table 1, minimum impedance for the resonance 
frequency with different cable lengths. 

 
Table 1 shows the measured impedance for a standard laser 
printer with varying lengths of cable. The presented data 
shows that the resonance frequency decreases with 
increasing cable length. They also show both the EMC filter 
and the cable length impact resonance frequency and 
minimum impedance. This also indicates that the same 
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equipment would give a different response when connected 
at different locations, i.e. with difference cable lengths to 
the location of the transmitter.   
Measurements on other equipment with different cable 
lengths show different types of response. The total 
attenuation for the communication channel is a combination 
of the attenuation of the power grid and the attenuation 
caused by connected equipment shunting the signal.  
Multimedia equipment, together with energy-saving 
equipment, will increase in numbers in our homes in the 
future. This may seriously obstruct the chance of successful 
communication. 
 
Another important aspect concerns the impact of the 
communication signals on the equipment. The EMC filter 
involved in the resonance will be repeatedly exposed to 
high-frequency signals of rather high power. The filter is 
likely not designed for this and may be damaged. The 
damaged filter would in turn result in more high-frequency 
noise being generated by the end-user equipment. 
 
A test setup was built in a laboratory to show how different 
loads affect power line communication. The source was a 
power line transceiver; a concentrator was used as receiver 
and the lamp was connected in a neighboring building. 
Figure 3 shows the current received by the concentrator to 
the left, the current absorbed by the load in the middle and 
the current emitted by the transceiver to the right. The loads 
are two identical 4W energy-saving lamps, with the only 
difference being the manufacturing dates.  
 

 
Figure 3, Currents during power line communication. 
Upper row of figures is the lamp with an earlier 
manufacturing date. From left to right, Concentrator, 4W 
energy saving lamp and Power Meter Transceiver.  
 
In the upper case, the lamp forms a low-impedance path. 
The transceiver aims at maintaining the voltage amplitude at 
the communication frequency by injecting more current. 
The lamp absorbs the major part of this current and only a 
small part reaches the receiver. 
It is unknown whether or not the load will survive regular 
exposure to currents of such magnitudes in this frequency 
range. Since only the manufacturing date differs between 
the lamps, it is hard to explain the results, but there has to 
be a difference in the construction. Because of this, judging 
which equipment is hindering the communication is 

complicated. 
This kind of lamp is recommended as energy-saving 
equipment, and therefore is assumed to exist in large 
volumes. Note that the switching frequency of the lamp, 
which normally would be seen as an interfering signal, can 
be neglected in comparison to the current it absorbs from 
the communication. The current through the energy-saving 
lamp is approximately 600mApp.  Five or ten identical 
lamps connected close to the receiver/transmitter, can easily 
absorbs all the communication current.  
 

COMMUNICATION AS AN INTERFERING 
SIGNAL 
 
For some equipment the communication itself can be 
experienced as an interfering signal. There have been cases 
when power line communication has been a contributing 
factor of light flicker [6], as well as clocks running too fast. 
At one measurement site, halogen lights were supplied 
through a light dimmer. Measurements showed that light 
flicker occurred when the dimmer missed a half-cycle, and 
thus a voltage drop over the lamp occurred. The produced 
light flicker was intense and had a stroboscope-like 
characteristic. However, the measure voltage fluctuations 
(“voltage flicker”) were far below the limit of what is seen 
as unacceptable in the flicker standard [7] [8] (Pst=1).  The 
communication signal produced a precipitous edge, which 
led to an oscillation that was moving along the voltage 
waveform. This oscillation, when reaching the zero-
crossing, disturbed the light dimmer thus causing the light 
flicker to occur.  
 
If the communication channel faces attenuation and the 
solution is an increasing amount of repeaters, the level of 
current at the communication frequencies increases. The 
signal strength is however restricted and cannot exceed 134 
dBμV [9]. This corresponds to a voltage limit of 7V ppp, there 
are however no limits to the current level. When the 
impedance level is lowered by a connected load the emitted 
current will increase, as discussed earlier. Home care 
medical equipment and multimedia are examples of 
sensitive equipment that may be adversely affected by these 
types of current.  
 

CONCLUSION 
 
Three types of interference between end-user equipment 
and power-line communication have been identified. The 
emission by end-user equipment may directly interfere with 
the communication signal. This has traditionally been 
viewed as the main potential problem. However, the 
experience from measurements is that this is in practice 
rarely a concern. The attention paid to this problem by 
manufacturers of communication equipment may have 
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prevented this problem from occurring at a wide scale. The 
future growth of the amount of emission and changes in the 
character of emission may cause problems in the future with 
equipment installed today and designed for today’s 
emission. 
 
The second type of interference occurs due to low 
impedance of an end-user device as seen from the 
transmitter. As a consequence of this low impedance the 
major part of the current signal generated by the transmitter 
passes through the end-user device whereas only a small 
part reaches the receiver. The transmitter will compensate 
for this by injecting more current, but current limits or 
voltage limits may be reached preventing successful 
communication. The experience from a significant number 
of measurements is that this attenuation is the major 
concern for the success of power-line communication. 
Severe attenuation has also been reproduced in a laboratory 
environment where it was shown that seemingly identical 
equipment could impact communication in a completely 
different way. This makes it very difficult to predict the 
performance of the power-line communication even for an 
existing situation. It is likely that the amount of electronic 
equipment will further increase in future, so that also this 
type of interference is likely to increase. 
 
The third type of interference occurs when the 
communication signal adversely impacts the performance of 
end-user equipment. A case is explained in the paper in 
which a communication signal leads to light flicker without 
the voltage fluctuations exceeding any limit. A potential 
problem associated with the before-mentioned second type 
of interference is the thermal overloading of EMC filters 
due to communication signals. The transmitter will 
compensate for the attenuation by increasing the amount of 
current injected into the system. The majority of this current 
will however be absorbed by the EMC filter. The repeated 
exposure of the filter to high-frequency currents of high 
amplitude may significantly reduce its lifetime. This 
problem has not been observed yet, but it should be noted 
that premature failure of equipment is often difficult to link 
to a specific cause. The high-amplitude high-frequency 
currents may also, through inductive coupling, cause 
interference signals in the electronic circuits resulting in 
equipment mal-operation. With increasing numbers of 
sensitive devices the risk of such type of interference will 
only increase. 
 
It is clear from the study presented in this paper that a 
number of interference problems already are apparent and 
that more potential problems have been identified. It is very 
important that these potential problems are addressed at an 
early stage and certainly before the widespread 
implementation of power-line communication for remote-
meter reading. One way of addressing this problem is by an 
open exchange of information between the different 

stakeholders, including distribution operators, 
manufacturers of end-user equipment and manufacturers of 
telecommunication equipment. 
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Abstract: This paper presents detailed measurements of 

currents flowing between modern electronic devices in a domestic 
environment. The results shown in this paper cover the frequency 
range 9 to 95 kHz, being the frequency band dedicated to power-
line communication by network operators. Large differences exist 
between different devices, even when they are of the same type. It 
is also shown that the voltage waveform and the emission by other 
equipment have a significant impact on the current flowing 
between a device and the grid. An important conclusion from the 
measurements is that the high-frequency currents mainly flow 
between neighbouring devices. 

I.  INTRODUCTION

HE research on voltage and current distortion has 
mainly been constrained to the frequency range up to 1 or 

2 kHz. This paper presents some of the results from a set of 
measurements performed in a full-scale electric model of a 
house with a range of electronic equipment. The interaction 
between the devices in the frequency range 9-95 kHz is the 
main subject of this paper. The choice of the frequency range 
is identical to the frequency range allowed for power-line 
communication by the network operator.  

II.  EXPERIMENTAL SETUP

A full-scale electric model of a house was built in the 
laboratory at EMC on SITE, Luleå University of Technology. 
The load consists of kitchen equipment, a heat pump, a flat-
screen television and a range of lighting equipment. 
Measurements were performed to examine how these loads 
interact with each other and how they together and individually 
affect the impedance level for higher frequencies. 
Measurements were done on individual loads as well as on the 
total. Focus has been on conducted emission in form of the 
high frequency currents (9-95 kHz) produced by modern 
electronic equipment and the propagation of the high 
frequency signals injected by power-line communication. 
More information about the measurement set-up and additional 
results are presented in [3]. 
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III.  EXPERIMENTAL RESULTS

A.  Emission by Electronic Equipment 
During the first set of measurements, normal domestic 

equipment was connected to the experimental setup. No other 
electronic equipment was connected in the neighbourhood so 
that the waveform distortion observed would mainly be due to 
the load in the experimental setup. The current at the 
connection point was shown to be smaller than the current at 
the terminals of most equipment. Especially the group of four 
identical compact fluorescent lamps takes a high current 
between 35 and 40 kHz. The inductive cooker also takes a 
rather high current in this frequency range. However the 
current at the delivery point is much smaller. From this the 
conclusion is drawn that the main currents in this frequency 
band flow between equipment and not between equipment and 
the grid. This is an important difference with lower frequency 
ranges (below 2 kHz) where the main flow of waveform 
distortion (harmonics) takes place between equipment and the 
grid. 

B.  Grid-connected and Islanded Supply 
The measured current flowing between a compact 

fluorescent lamp and the grid is shown in Fig. 1. In this case 
the measurement setup in the laboratory was supplied directly 
from the public grid. The current waveform shows a sharp rise 
and a slow decay, as has been reported by other authors as 
well. 

Fig. 1. Voltage (green) and current (blue) when a fluorescent lamp is supplied 
from the public grid. The horizontal scale is from zero to 40 ms. 

The measurements have been repeated by supplying the 
laboratory setup from a small generator. Two generators were 
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available for the tests: a modern 100-kVA generator used as a 
backup generator during maintenance in the distribution 
network; and an old 37-kVA generator. The measurement 
results are shown in Fig. 2 and Fig. 3. In all cases, no other 
equipment was connected to the laboratory set-up. However in 
the first case, supply from the public grid, other equipment was 
connected to the same 800 kVA transformer. 

Fig. 2. Voltage (green) and current (blue) when a fluorescent lamp is supplied 
from a 100 kVA backup generator. The horizontal scale is from zero to 40 
ms. 

The difference in voltage waveform between these two 
generators and the public supply is clearly visible by 
comparing these three figures. Where the public supply gives 
the most sinusoidal waveform, the new generator gives a 
waveform with an increase in peak voltage, and the old 
generators gives a waveform with reduces peak voltage (a flat 
top). 

Fig. 3. Voltage (green) and current (blue) when a fluorescent lamp is supplied 
from a 37 kVA synchrononous generator. The horizontal scale is from zero to 
40 ms. 

The most striking difference between the three plots is the 
difference in current waveform. The 100-kVA generator 
results in an oscillating current, whereas the 37-kVA generator 
gives a high and a low peak with a superimposed oscillation. 
There is also a slight difference in the time the CFL draws 
current. There is a difference in size between the two 
generators and the public supply but the only load connected is 
an 11W CFL. 

To visualize the time-frequency behaviour of the current 
taken by electronic load, the spectrogram was introduced in [1] 
and [2]. The spectrograms for voltage and current as shown 

before are shown in Fig. 4, Fig. 5, and Fig. 6. All three figures 
have the same horizontal scale (two cycles of the power-
system frequency), the same vertical scale (9 to 95 kHz), and 
the same magnitude scale (the colours represent the same 
magnitude for each of the figures). However, the voltage and 
current diagrams have a different magnitude scale. 

Fig. 4. Spectrogram of the voltage (left) and the current (right) when the lamp 
is supplied from the public grid. 

Fig. 5. Spectrogram of the voltage (left) and the current (right) when the lamp 
is supplied from the 100-kVA backup generator. 

Fig. 6. Spectrogram of the voltage (left) and the current (right) when the lamp 
is supplied from a 37-kVA synchronous generator. 

In all three cases, the high-frequency emission is present 
during part of the cycle only: this is when the diodes are 
conducting. There is no high-frequency emission when the 
diodes are not conducting. 

The other simularity between the three spectrograms is that 
the 40-kHz switching frequency is present for all three. When 
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supplied from a backup generator, especially for the 37-kVA 
case, the second harmonics (80 kHz) of the switch frequency 
also shows a strong presence. 

Additional measurements are needed to find out if the 
differences in current waveform are due to the different source 
impedance or due to the different voltage waveform. When we 
assume a 20% impedance for the generators and 5% 
impedance for the distribution transformer, the source 
impedance is 30 to 100 times the grid impedance for the 100-
kVA and 37-kVA transformer, respectively. 

C.  Devices influencing each other 
Influence between devices was measured at many 

occasions. Several examples are shown in [3]. One of the most 
interesting and unexpected ones is illustrated in Fig. 7. A 
compact fluorescent lamp (CFL) is connected close to an 
induction cooker. The current to the CLF is measured for 
different states of the induction cooker, corresponding to 
different amounts of energy delivered to the cooking process. 
The figure shows that a neighbouring device can have a strong 
influence on the emission and that this influence does not have 
to be time-independent. A possible explanation for this 
behaviour is that the switching frequency of the induction 
cooker difference between different states. The emission, 
around the switching frequency, is absorbed by the capacitor 
in the EMC filter of the compact fluorescent lamp. 

Fig. 7. Spectrum of the current taken by a compact fluorescent lamp close to 
an induction cooker. The different colors correspond to different states of the 
induction cooker. The horizontal scale is from 10 to 90 kHz. 

D.  Currents due to Power Line Communication  
For a second set of measurements, a power-line 

communication (PLC) source is connected in a model of a 

neighbouring house close to of the delivery point. This 
neighbouring house did not contain any load in the 
experiments. The disturbance source (the PLC transmitter) has 
a frequency of 12.5 kHz and generates an rms voltage of about 
7 Volt.  

The presence of a power-line communication signal on the 
voltage resulted in high currents through several of the 
devices. These currents were significantly higher than the 
emission of the device or the current due to the emission from 
neighbouring devices. 

Future immunity levels of equipment against distortion 
between 9 and 95 kHz should be based on the permitted levels 
of power-line communication signals.  

E.  Time-dependent impedance 
Most modern household and office equipment contains a 

power-electronic converter as the interface with the grid. 
Therefore non-linear and time-dependent behaviour is 
expected. An example of non-linear behaviour was shown in 
the form of the increased current distortion at 18 kHz due to 
high voltage distortion at 12.5 kHz. 

Time-dependent behaviour was observed as well. An 
example is shown in Fig. 8. For this figure, the PLC source 
was connected on the grid-side of the delivery point. The 
figure shows the current measured at the terminals of a 
compact fluorescent lamp (CFL) and at the terminals of the 
PLC transmitter. The compact fluorescent lamp shows the 
typical spectrum of a 4-pulse (single-phase) diode rectifier 
with a small capacitor on dc side. During the 20-ms time 
window shown in the figure, the PLC transmitter generates two 
burst of 43 kHz signals, seen as the high-frequency ripple on 
the current trace. The current is highest when the diode 
rectifier in the CFL is conducting. As the PLC transmitter 
operates as a voltage source, the conclusion can be drawn that 
the total impedance seen by this source (i.e. for all equipment 
connected) drops to about 30% once the diode rectifier starts 
to conduct. This reduction in impedance is most likely due to 
the dc-side capacitor in the CFL. 

Fig. 8.  Current drawn by a CFL 11 W (top) and by PLC disturbance source 
(bottom). The horizontal scale is from 10 to 30 ms.

F.  Time-frequency behaviour 
The spectrogram of the current taken by an LCD screen 
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during one of the measurements is show in Fig. 9. The 
spectrogram was obtained while the 12.5-kHz source was 
emitting.  

The large rectangular in the figure shows the actual 
spectrogram with time-axis horizontal and frequency axis 
vertical. To the left of the spectrogram the conventional 
spectrum (over the whole 200-ms window) is shown. Below 
and above the spectrogram the time-domain representation is 
reproduced: the original waveform below and the sliding-
window rms above. The scale to the right relates the colours to 
a logarithmic (dB) magnitude scale. 

The spectrogram in Fig. 9 shows that the 12.5 kHz 
component in the current is present continuously over the 
200ms window. However the 25-kHz ”second harmonic” of is 
only present during short bursts every 10 ms. The 37.5 kHz 
”third harmonic” shows a continuous as well as a pulsed 
character. Broadband spikes occur four times during the 
measurement windows, in groups of two. These may be related 
to the phase-shift keying in the PLC disturbance source. The 
component responsible for the low impedance path in this case 
is most likely the x-capacitor in the EMC-filter. This filter is 
expected to be connected to the grid as long as the appliances 
are plugged in. The appliance will draw high frequency current 
even though it does not draw current at the fundamental 
frequency.  This is not the case with the CFL in the last 
section, when the lamp is turned off, no high frequency current 
will reach the lamp. 

IV.  CONCLUSIONS

A comparison between grid-connected and generator supply 
shows that this strongly influences the currents with a compact 
fluorescent lamp. No clear explanation for this is available at 
the moment, but this should be considered when relying on 
island operation of domestic or commercial load to guarantee 
the supply during maintenance or during a blackout.

For equipment connected to a “clean” supply, the currents 
in the frequency range 9 – 95 kHz flow mainly between 
neighbouring devices, not between the devices and the grid. 
The individual devices form a low-impedance path in this 
frequency range. 

As a result of this, the emission in this frequency range will 
show much less spread over other customers than emission at 
lower frequencies. The impact of high-frequency distortion is 
likely to be limited to neighbouring equipment. 

It is not possible to use standard emission models, as each 
device appears to be unique. The emission from different 
devices will thus add less at these frequencies than at lower 
frequencies. The resulting spectrum from a large number of 
devices will thus more likely be a rather flat continuous 
spectrum. 

The emission and even the state of neighbouring equipment 
impact the current taken by a device. The emission measured 
by one device against a clean supply (like when using a "line 
impedance stabilizing network") is not a reliable prediction for 
the emission in a realistic environment. 

Power line communication in the low-voltage network will 
result in significant currents through electronic devices due to 
the low impedance of the latter in the frequency range used by 
PLC (9-95 kHz). Future immunity requirements should be 
based on the permitted levels of PLC. 

Equipment with a diode rectifier shows non-linear as well 
as time-dependent behaviour. The impedance of the device is 
lowest when the diodes are conducting, so that the current 
amplitude may be significantly higher than would be 
concluded from looking at the spectrum only. The non-linear 
character of the device results in additional frequencies being 
generated. The spectrogram (time-frequency-domain 
representation) is a suitable tool for studying these phenomena. 
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Fig. 9.  Time-frequency representation of the current taken by an LCD screen while the PLC is transmitting.
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ABSTRACT 
Harmonic studies in almost all cases are limited to the 
frequency range up to 2 or 2.5 kHz. In the frequency range 
above 2 kHz, almost no standards exist and measurements 
are rare. This paper presents measurements of the emission 
from a total installation in the frequency range 2 to 150 
kHz. A physical model (electrically full-scale) of a domestic 
customer was built in the laboratory. Field measurements 
were performed on a medium-sized hotel. The impact of 
different types of lighting is shown to be small. 

INTRODUCTION 
In the frequency range between 2 and 150 kHz, almost no 
standards exist and therefore measurements are rare. As part 
of our group’s on-going effort to increase the knowledge on 
voltage and current distortion in this frequency range, 
measurements were performed of the emission of a 
domestic customer. These measurements were parts of a 
series of experiments to study the impact on the harmonic 
emission of the replacement of incandescent lamps by 
electronic lighting [1].  

A detached house was reproduced as a full-scale electrical 
model in the laboratory using real domestic equipment. A 
108-minute switching pattern was defined representing the 
different types of equipment that are in use with a domestic 
customer during the course of a day. The voltage and 
current waveforms were captured over a 200-ms window 
with a sampling frequency of 10 MHz every minute during 
the 108-minute experiment. The experiment has been 
repeated for four different lighting loads, next to the normal 
equipment present in a house. 

In the scenario named “past” all lights were 
incandescent.  
In the scenario named “present” half of the lights have 
been switched to CFL’s.  
For the scenario “future” all the remaining incandescent 
lights were replaced with 7-W LED lights and all the 
CFL’s were left as they were.  
For the “far future” scenario all lights were 7-W LED 
lights. 

A second experiment was made at a medium-sized hotel in 
Sweden [1]. All incandescent lamps at the hotel were 
replaced by LED and CFL lamps. Measurements were done 

before, during and after the change. The voltage and current 
waveform was captured for 200 ms with a sampling 
frequency of 10 MHz once every 10min during a 24 hour 
period resulting in 144 snapshots for every stage. The 
measurements were done at the point-of delivery for the 
hotel. 

All lamps used in the experiments were low-power-factor 
lamps, with a power factor around 0.6. 

MEASUREMENTS FOR A DOMESTIC 
COSTUMER

2 – 9 kHz
To quantify the emission in the frequency range 2 to 9 kHz, 
the root sum square over all components in this frequency 
range has been determined for every captured waveform. 
The results for 2-9 kHz are shown in Figure 1 for the four 
scenarios: 

Figure 1 the root sum square of all components in the 
current between 2 and 9 kHz for the four scenarios 

In this frequency range we see a modest increase in 
distortion (minutes 20 through 45 and 60 through 90 the 
highest values occur when the kitchen equipment (induction 
cooker and dishwasher) are operating. The shift from 
incandescent lamps to CFL and LED lamps does result in 
some increase in current distortion, but no significant 
increase. This increase may be due to an increase in the 
actual emission or in an increase of the current absorbed by 
the equipment due to distortion of the background voltage 



in this frequency range. In the latter case, the presence of 
CFL and LED does actually reduce the voltage distortion. 

A remarkable observation is that during the first half of the 
measurement period (when the heat pump is on) the 
distortion is highest for “far future”, where for the second 
half (when the heat pump is off) it is highest for “future”. 
This confirms the complex interaction between equipment 
in this higher frequency range. 

9-95 kHz
The spectrum of the high frequency distortion for the 
current measured at the delivery point was calculated for the 
108 waveforms. The 95% value for each of the frequencies 
is displayed in Figure 2. The mean components are visible 
at the lower end of the spectrum up to about 15 kHz. These 
components show a minor decrease when replacing the 
incandescent lamps. There are also some components 
visible between 20 and 30 kHz and around 50 kHz and 
around 55 kHz. The component around 50 kHz doubles 
from “Past” to “Far Future” but is barely visible in the 
scenario “Future”. 

Figure 2 95% value of the current 9-95 kHz for the four 
different scenarios 

The overall highest values are found in the “past” scenario 
but the highest value for a single frequency is found at 50 
kHz in the “far future” scenario. The four scenarios are 
quite similar, which would suggest that the impact on the 
grid from the lamps is small. A possible explanation for the 
reduction in emission for the customer is the increased 
amount of capacitance with modern lamps. This would 
result in the high-frequency emission flowing between 
neighbouring devices instead of into the grid.  

The flat part of the spectrum above about 35 kHz 
corresponds to the quantization noise. The higher level of 
quantization noise for the scenario “Past” is due to the 
higher scale needed for the measurements, as the currents 
are higher in this scenario with only incandescent lamps. 
This also explains at least in part the higher values for the 

“Past” scenario. 

Above 95 kHz the level of emission is dominated by the 
quantization noise, for all four scenarios.  

Emission from a group of lamps
The current drawn by one group of 12 individual lamps was 
measured separately for the four different scenarios and the 
result is shown in Figure 3. This current was measured at 
the same time as the total current discussed before. For two 
of the scenarios “Past” (all incandescent) and “Far Future” 
(all LED) the level of high frequency current measured at 
the terminal of the group of lamps is nearly constant during 
the 108-minute measurement. 

The level for the scenario ”Past”, where the load consists of 
only incandescent lamps, is almost exclusively due to 
quantization noise. As was shown in Figure 2, the 
quantization noise in the “Past” scenario is about twice the 
level for the other scenarios. The reference level (i.e. the 
quantization noise) in Figure 3 is thus about half the level 
for the “Past” scenario, i.e. about 0.25 A. 

For the scenarios “Present” (combination of incandescent 
and CFL) and “Future” (combination of CFL and LED) the 
total high frequency current distortion between 2-150 kHz 
shows large steps. The largest steps correspond with the 
switching on and off of the computer and the television. The 
minor drop between 45 and 50 minutes correspond with the 
period when two 20-W dimmable CFL’s are switched off.  

For the “Far-Future” scenario (only LED) the level remains 
constant, like for the “Past” scenario, but at a higher level. It 
appears to the interaction between the CFL’s and the other 
equipment that causes these currents. 

Figure 3 the root sum square for all frequency 
components between 2 and 150 kHz for a group of 12 
lamps for the four different scenarios 

The high-frequency part of the total current flowing from 



the installation into the grid is shown in Figure 4. During 
certain periods the replacement results in a reduction in 
emission, whereas the emission increases during other 
periods. There appears to be no correlation between the 
variations in total emission (Figure 4) and the emission from 
the 12 lamps (Figure 3).   

Figure 4 the root sum square for all frequency 
components between 2 and 150 kHz for the total load 
for the four different scenarios 

To get a better view of which loads and which frequencies 
are responsible for the variations in the distortion pattern in 
Figure 3 and Figure 4 a spectrogram is used. A spectrogram 
of the total load current and the current drawn by the group 
of  12 lamps for the two scenarios “future” and “far future”  
is shown in Figure 5. For the total load current the two 
scenarios are similar, the levels for “future” are somewhat 
higher but the patterns are the same.  

For the current drawn by the group of 12 lamps the 
difference is visible as in Figure 3. The components at 45 
kHz and 90 kHz shown in the “future” scenario most likely 
originate from the lamps themselves as they are visible 
throughout the measurement period, the dark blue areas in 
the top and the bottom of the spectrogram for the 12 lamps 
corresponds to the time where the lamps were turned off. As 
these components are not visible in the “Far Future” 
scenario they are most likely emitted by the CFL’s.

For the “far future” no single frequency component is 
visible for the whole duration when the lamps are turned on 
indicating that the LED lamps do not emit high frequency 
currents to the same extent as CFL’s. The TV and computer 
seem to emit both a broadband spectrum around 10 kHz and 
a narrowband component at 55 kHz. This narrowband 
component is visible in the “far future” scenario as well but 
with lower amplitude. The two 20-W dimmable CFL’s emit 
a disturbance throughout the frequency range, most visible 
in the spectrogram of the current drawn by the twelve lamps 
in the “future” scenario, due to the sharp edge caused by the 

dimmer. This spectrum from the dimmable CFL’s is more 
visible when the heat pump is off, as are the emission 
around 50 kHz originating most likely from the induction 
cooker. The heat pump, when connected, seems to be 
shunting some of the high frequency currents emitted by the 
other loads and when disconnected some of those currents 
reach the lamps instead. 

Figure 5 Spectrogram 2-150 kHz for the total load 
current for scenario Far Future (upper left) and Future 
(lower left) and for the current drawn by 12 lamps for 
scenario Far Future (upper right) and Future (lower 
right) 

MEASUREMENTS FOR A HOTEL
A second experiment was made at a medium-sized hotel in 
Sweden [1].  

The 95% value of the high frequency current for one of the 
phases before and after the shift is presented in Figure 6 and 
Figure 7 

Figure 6 95% value of the current in the frequency 
range 2 to 9 kHz before (red curve) and after (black 
curve) the change from incandescent lamps to energy 
efficient lamps 



Figure 7 95% value of the current in the frequency 
range 9 to 70 kHz before (red curve) and after (black 
curve) the change from incandescent lamps to energy 
efficient lamps 

The overall level of the emission has slightly increased for 
the entire frequency range but the narrow band component 
at 23 kHz is no longer visible after the replacement of the 
lamps. The most likely explanation is that the load emitting 
this specific frequency component is turned off during the 
time the second round of measurements were made. 

Above 70 kHz the level of emission is less than the 
quantization noise both before and after the replacement of 
the lamps. 

POWERLINE COMMUNICATION 
In Sweden and in many other countries the power lines are 
used for remote reading of the power meters, so called 
Automatic Meter Reading (AMR). The frequencies used in 
Europe for AMR via the power grid are 9-95 kHz, with 
some exceptions. This is the same frequency range often 
used for the switching of the active power electronics in 
energy saving equipment. One concern has therefore been 
that a large number of CFL’s of LED lamps could have an 
adverse impact on power-line communication [2] 

The results presented in this paper support the theory 
presented in [3] that the emission from end-user equipment 
will not be the main challenge for the communication. End-
user equipment forming a low impedance path for 
frequencies between 9-95 kHz could be a far more severe 
problem. 

CONCLUSIONS  
Modern energy saving lighting can emit high frequency 
currents, CFL’s more so than LED’s but the high frequency 
currents emitted by modern energy saving equipment seems 
to flow between equipment to a higher degree than towards 

the grid. Both a slight increase and a slight decrease in the 
overall emission level have been observed with different 
lamps.  

In the frequency range 2 to 150 kHz equipment can both 
emit and shunt high frequency currents making the 
interaction between loads quite complex. Individual 
frequency components propagating to the grid with high 
enough amplitude to disturb for instance automatic meter 
reading have not been found during this project.  

The measurements done in this project as well as in [3] 
support the theory that modern energy saving equipment 
like CFL’s and LCD TV’s lowers the impedance for higher 
frequencies and in that sense decreases the high frequency 
distortion on the grid. High frequency currents shunted by 
small end-user equipment could pose a threat to the function 
of that equipment.  For this reason future immunity levels 
should be based on permitted levels for power line 
communication. 

Overall the conclusion from this study is that the 
replacement of incandescent lamps by low-power-factor 
CFL’s or LED lamps does not result in potential high 
emission levels in the frequency range above 2 kHz. It is not 
possible to draw any conclusions from this study about the 
impact of high-power-factor lamps. 
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Abstract—This paper discusses some of the electromagnetic 

compatibility issues concerning the use of power-lines for 
communication. Based on a series of measurements done both in 
a laboratory environment and in the field, five different types of 
interactions between communication and end-user equipment are 
distinguished. Measurement examples are shown for several of 
these types. It is concluded that the creation of a low-impedance 
path by end-user equipment is the main cause of interference.   
 

Index Terms—power-line communication, electric power 
distribution, power quality, electromagnetic compatibility. 

I.  INTRODUCTION 
The research on voltage and current distortion has mainly 

been constrained to the frequency range up to 1 or 2 kHz. 
Through the years a large amount of knowledge has been 
gathered here. However the amount of research covering 
higher frequencies is still very limited. One of the reasons for 
this lack of interest is the apparent absence of well 
documented cases of interference that can be clearly attributed 
to this frequency range. 

Another reason, and probably a more fundamental one, is 
the lack of appropriate measurement equipment for higher 
frequencies. A research project addressing the frequency 
range 2 – 150 kHz was started at Luleå University of 
Technology in 2004. 

The work has among others resulted in a method for 
presenting cyclo-stationary distortion, (reoccurring 
oscillations) [1] [3], measurements of the emission by 
common end-user equipment in the frequency range above 2 
kHz [2][4][5] ,and a proposal for planning levels in the 
frequency range 2 – 9 kHz [6].  

In Sweden, the change from manual meter reading at 
irregular intervals, to automatic remote meter reading at 
predefined instants was completed in July 2009. Several 
methods for communication between the meter and the 
network operator are in use; with power-line communication, 
typically in the frequency band 9 to 95 kHz, being used in 
about half of the meters. This has drawn new attention to the 
frequency range as there have been some reports that 
communication between the power meter and the concentrator 
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could not be established due to the behavior of connected 
loads. Variable-frequency drives have often been targeted as a 
source of high amplitude conducted emission in the frequency 
range of interest but relative low-power loads as compact 
fluorescent lamps (CFL) have also been found to cause 
disturbances in the communication channel due to their low 
impedance seen from the grid-side. 

This paper will give a systematic overview of the different 
types of interactions that appear when power-line 
communication in the frequency band 9-95 kHz is used in a 
low-voltage network. A brief description of power-line 
communication is given in Section II. The various interactions 
are introduced in Section III, both from end-user equipment to 
communication and from communication to end-user 
equipment. Examples of the different types of interactions, 
from field and laboratory measurements are given in Section 
IV and conclusions are presented in Section V. 

II.  POWER LINE COMMUNICATION 
 
According to European standards the frequency range used 

by network operators for power-line communication is 9-95 
kHz [11]. Standard EN 50065 states that the voltage level of 
the narrowband (bandwidth less than 5 kHz) communication 
signal must not exceed 134dBμV at 9 kHz, then decreasing 
with frequency and ending with a limit of 120dBμV at 95 
kHz. In order to successfully establish communication 
between the power meter and the concentrator the signal to 
noise ratio should be large enough for the receiver to correctly 
interpret the data. With the right kind of modulation and 
coding a receiver can detect a useful signal even in a rather 
noisy environment. There are many different modulation 
techniques but only a few that are suitable for sending data 
over a shared medium like the power grid. The modulation 
type has to be resilient to a noise level and attenuation level 
that are always present but differ in magnitudes both over time 
and frequency. Commonly used techniques are based on 
different types of phase-modulation, which are relative 
insensitive to high noise levels. One of the simplest phase-
modulation techniques is the binary shift keying where 180° 
shift in phase represents the binary "1" and 0° shift in phase 
represents the binary "0". To make the communication 
resilient to impulsive noise, as the repetitive noise from for 
example a dimmer, different kinds of error correction coding 
are used. [13].  

To further improve the performance of the communication, 
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repeaters are often used. A repeater directly increases the 
signal-noise ratio, thus making it easier for the receiver to 
extract the information from the noisy signal. It should be 
noted that the use of repeaters is limited; certain types of 
interference cannot be mitigated by using repeaters.  

III.  INTERACTIONS 
The adverse interaction between power-line 

communication and end-user equipment can result in 
deterioration of the performance of the communication or in 
reduction of life length or mal-operation of the end-user 
equipment. The following five types of interaction can be 
distinguished: 

I.  High voltage or current levels at the communication 
frequency due to emission by end-user equipment. 
This can result in loss of the communication 
signal or in transmission errors. 

II.  The end-user equipment creates a low-impedance path 
at the communication frequency. The result is that 
only a small part of the communication signal 
arrives at the location of the receiver. 

III.  The voltage signal used for communication results in 
large currents through the end-user equipment. 
This can result in overheating of components or 
other interference with the functioning of the 
equipment. 

IV.  Non-linear end-user equipment exposed to a voltage 
at the communication frequency results in currents 
at other frequencies, typically harmonics of the 
communication frequency. 

V.  The distortion of the voltage waveform due to the 
communication signal results directly in mal-
operation of end-user equipment. 

Interactions of type I and II are adverse impact of 
equipment on the communication. With interactions of type III 
and V it is the communication that adversely impacts the 
equipment. For Type IV there is no direct adverse impact, but 
the additional disturbances may have an adverse impact by 
themselves. The different types of interaction will be 
discussed in more detail in the forthcoming sections. 

As is common in electromagnetic compatibility studies, 
also here a distinction is made between the disturbance and 
the interference. A disturbance is defined as any deviation 
from the ideal voltage or current; i.e. any voltage or current 
component, other than the 50 or 60 Hz component, which can 
be measured, is classed as a disturbance. Interference is where 
communication or non-communication equipment is adversely 
impacted by a disturbance. A brief overview of the 
disturbances and possible interference associated with the five 
types of interaction is given in Table I. 

 
 
 

 
 
 
 

TABLE I 
OVERVIEW OF THE INTERACTION BETWEEN COMMUNICATION EQUIPMENT AND 

END-USER EQUIPMENT 
 Disturbance Interference 
I Voltage or current distortion 

due to end-user equipment at 
frequencies used for 
communication 

The communication signal 
drowns in the disturbance and the 
communication does not succeed. 

II The end-user equipment creates 
a low-impedance path at the 
communication frequency.  

Only a small amount of the 
communication signal arrives at 
the received and the 
communication does not succeed. 

III The communication signal 
results in large currents through 
the end-user equipment. 

Reduction in life-length and 
incorrect operation of the 
equipment. 

IV Non-linear end-user equipment 
exposed to the communication 
signal results in currents at 
other frequencies. 

Any possible adverse impact due 
to the new frequency 
components, including 
interference with 
communication.. 

V Distortion of the voltage 
waveform due to the 
communication signal. 

Incorrect operation of the end-
user equipment. 

 

A.  Type I interaction: emission from equipment 
interferes with the communication 

There have not been a lot of investigations of the noise 
level in frequency range between 9 and 95 kHz, but some 
studies have been done [7][8]. In [13] the noise level is 
described as the sum of colored noise, narrowband noise and 
periodical and asynchronous noise. In order to interact with a 
narrowband PLC signal the conducted emission from one or 
many loads would have to coincide with the PLC signal near 
or at the same frequency. A single device can emit a 
narrowband signal in the frequency range of interest as seen in 
Fig. 1; this component is most likely a residue from the 
switching technique used in the end-user device. When 
measuring at the point of common coupling of many loads i.e. 
where the power meter (delivery point of a resident) or the 
concentrator (low-voltage distribution transformer) is 
connected, the aggregated emission from connected loads 
takes the form low amplitude noise spread over the frequency 
range. The majority of the high frequency currents have been 
shown to propagate between individual devices instead of 
between the equipment and the grid [8]. 

Some measurements presented in [9] show that the existing 
voltage distortion levels are much below the permitted levels 
for the communication according to [11]. This indicates that 
communication failure due to emission from end-user 
equipment would be fairly uncommon. Distortion levels in the 
frequency range 9 to 95 kHz do however vary strongly with 
location and with time [10]. Excessive noise levels can thus 
not be ruled out, especially as only a limited amount of 
measurements is available.  

B.  Type II interaction: equipment creating a low-
impedance path for the communication signal 

The signal generated by the transmitter can propagate 
along different paths, where the preferred path is the one to 
the receiver. The propagation of the communication signal in 
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the distribution-network depends on the impedance of the 
different branches that form the network. Every component in 
the network contributes to the total impedance. Some 
components do not change with time such as the distribution 
transformer and the cables and lines connecting the 
secondary-side of the transformer to the delivery-point of the 
consumers. The impact from these components can be 
calculated and taken under consideration when installing a 
communication device. The situation with appliances 
connected by end-user is quite different. In the frequency 
range used for power-line communication, end-user 
equipment has a strong impact on the impedance level at any 
given moment and the impact will vary with time. Customers 
will connect and disconnect appliances so the influence from 
end-user equipment will fluctuate depending on season, day of 
week and time of day. Many loads only impact the impedance 
for a part of the voltage cycle depending on the construction 
of the electronics. This means that the impedance level could 
be different at the voltage zero-crossing and at the voltage 
peak. An example of this will be given in section V  

There have been some investigations of the impedance in 
the frequency range 9-95 kHz. In [12] an investigation of the 
impedance in the low-voltage distribution network is 
conducted. The authors of [12]  focus on the frequency range 
between 5 and 20 kHz.   They found that resonances between 
the inductance in the distribution transformer and the 
capacitance in connected loads can occur in the frequency 
range used for communication. As the number of loads with a 
capacitive element has greatly increased since 1985, when the 
aforementioned paper was written, such resonances are likely 
to have increased in number. Large wind parks are reportedly 
a problem for PLC using lower frequencies of a few hundred 
Hertz. Again it is the capacitance from the cables that gives a 
resonance frequency that can be in this frequency range 
[[18][19][20]]. Measurements performed at Luleå University 
of Technology also indicate that end-user equipment can 
resonate at different frequencies between 9-95 kHz depending 
on the length of the power cord by which they are connected 
to the outlet [21].    

C.  Type III interaction: high currents through 
equipment 

High voltage levels at the terminals of end-user equipment 
due to power-line communication can result in high currents 
through the equipment. These high currents can damage 
components in the equipment. The capacitor on the grid-side 
of the EMC filter is typically most exposed to this. Within 
IEC TC 77A WG1 this subject is under discussion and 
capacitors are viewed by the experts as the first component for 
which the immunity needs to be studied [17] Other possible 
interference could be due to inductive coupling of the high 
currents into the low-power electronics parts of the 
equipment. The occurrence of high currents through the 
equipment is often strongly related to a low-impedance path 
seen by the power-line communication. The transmitter 
increases the injected current when the input impedance is low 
in order to keep the voltage at a steady level. 

According to [15] immunity test levels for interharmonics 
above 100 Hz are covered by the mains signalling levels and 
optionally by the so called Meister curve which allows a 
voltage level of 1.5 % of the fundamental at 3 kHz. These 
levels are significantly higher than the compatibility levels for 
these frequencies. This is to ensure that end-user equipment is 
not being damaged by power-line communication [16]. No 
such immunity limits exist for higher frequencies, unless one 
considers the voltage characteristics for “signalling 
frequencies” according to [11] as a lower bound for the 
immunity limit. 

D.  Type IV interaction: spreading frequencies  
A property of a non-linear system is that an input at one 

frequency can result in an output at another frequency. Most 
common with end-user equipment is the emission of current 
components at harmonics of the voltage signal. This holds for 
the power-system frequency but also for other frequencies. 
Also sum and difference of the frequencies present in the 
voltage can appear in the current. For example the character of 
the rectifier bridge will lead to pulsating currents only when 
the diodes are conducting. This is a non-linear phenomenon 
creating additional frequencies. The modulated high-
frequency current will be half-wave rectified and thus produce 
harmonics of the original high-frequency component. This 
phenomenon can for example result in pollution of the 
protected frequency band over 150 kHz which in turn causes 
interference with radio communication.  

The European standard EN 50065 [11] sets limits to the 
emission by communication equipment at non-communication 
frequencies. The presence of non-linear end-user equipment 
can indirectly result in much higher emission at non-
communication frequencies. 

A shift in frequency at a lower frequency range is 
described in [14] where a communication signal at 182 Hz 
results in currents with diode rectifiers at several frequencies, 
for example 118 Hz, 218 Hz and 282 Hz. The latter frequency 
was close to the resonance frequency due to a capacitor bank 
at medium voltage. The resulting voltage showed the 182 Hz 
due to power-line communication and a 282 Hz due to non-
linear loads and a harmonic resonance.  

E.  Type V interaction 
The voltage distortion introduced by power-line 

communication can adversely impact the operation of end-
user equipment in many different ways. For example, multiple 
zero-crossings due to communication signals can cause 
equipment to malfunction. When a high frequency signal is 
modulated on the fundamental frequency, multiple voltage 
zero-crossings can occur. Equipment that uses the voltage 
zero-crossing to control, for example clocks and light dimmers 
may malfunction.   

The number of reported cases of such malfunction is still 
limited, but with widespread use of power-line 
communication, for example to enable islanding-detection 
with distributed generation [22], this should certainly be 
investigated further. 
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IV.  MEASUREMENTS 
A large number of measurements have been performed both in 
the laboratory and in the field to illustrate and further study 
the different types of interaction introduced in the previous 
sections. Some of those measurements are shown here. All 
measurements have been captured with HIOKI HiCorder 8855 
using a 200 ms window with a sampling frequency of 10 MS/s 
A Pearson current monitor have been used to capture the 
current.   

A.  Type I interaction  
A 200 ms window was recorded of the current drawn by a 42" 
LCD TV and the spectrum was obtained using a discrete 
Fourier transform (DFT) with a rectangular window. Clearly 
visible in Figure 1is a narrowband component at 45 kHz with 
an amplitude of 0.045 A. This component is 5.3% of the 
fundamental 50 Hz current at 0.85 A. Two smaller 
components at 55 kHz and 69 kHz with amplitude of about 
0.005A are also visible. As a comparison the 3: rd harmonic 
(150 Hz) has an amplitude of 0.1 A or 11.8% of the 
fundamental.  

 
Figure 1 Current drawn by a LCD TV 

B.  Type II and Type III interaction 
The theory that end-user equipment can form a low impedance 
path for currents in the frequency band between 9-95 kHz has 
been tested in the laboratory. It has been found that for  
frequencies between 9 and 95 kHz the total impedance seen 
from the communication device depends strongly on the loads 
connected to the grid [8][9]. A full scale electric model of a 
house was built to investigate how end-user equipment 
interacts with each other, with power-line communication and 
with the grid. For one measurement setup a transmitter was 
connected near the distribution transformer and different 
appliances were connected in the house. A receiver was 
connected in a model of a neighboring house and 
communication was established. The propagation and current 
amplitude of the communication signal were measured. It was 
found that different loads had different impact on the 
impedance level of the channel and thereby the propagation of 
the high frequency current. Compact fluorescent lamps (CFL) 
are an example of load that was found to decrease the 
impedance, but only for the part of the cycle that the lamp 
takes current from the supply. This is probably due to the 
small capacitor connected at the DC side of the diode rectifier. 
Only when the diodes are conducting is this capacitor 
connected to the grid.  

An example studied with this setup is a PLC system that 
signals at 43 kHz and uses a master slave technique.  The 
transmitter sends data for 5 ms, waits for 10 ms, sends data 
again, and so on. The transmitter is a voltage source and keeps 
the voltage at a fixed level. When the impedance decreases in 
the channel, the current emitted increases as a consequence, 
see Figure 2 

 

 
Figure 2 Current drawn by a CFL 11 W (top) and by the PLC source (bottom) 
measured at the same time 

 
CFL´s show the same behavior when combined with PLC 

systems using other frequencies. When the lamps draw current 
at 50 Hz (the diodes are conducting) they also draw current at 
higher frequencies. In this example the amplitude of the 12.5-
kHz current is higher than the amplitude of the low-frequency 
component. The latter is only visible in the envelope of the 
half rectified current at 12.5 kHz, see Figure 3.  

 

 
Figure 3 Current drawn by a CFL 11 W. Blue curve when exposed to PLC. 
Green curve is current drawn when no PLC is present. Vertical scale in A. 
 

C.  Type IV interaction 
Common household equipment like CFLs can also be 
responsible for spreading the communication signal over a 
wider frequency range, see Fig. 4. 
The CFL draws a current at 12.5 kHz which is the 
communication frequency, but it also produces harmonics of 
that signal. So in addition to the signal at 12.5 kHz produced 
by the communication device and the switching frequency at 
42 kHz produced by the CFL (barely visible in the 
spectrogram) there are signals found at the multiples of 12.5 
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kHz. Neither the communication device nor the CFL would 
produce these harmonics if connected separately. This shows 
that a non-linear load can, in interaction with a disturbance 
source, pollute the frequency band between 9-95 kHz by 
introducing new frequencies. The emission can also spread to 
higher frequency bands. 
 

 
Figure 4 Time-frequency representation of the current taken by a CFL while a 
PLC is transmitting. The large rectangular in the figure shows the actual 
spectrogram with time-axis horizontal and frequency axis vertical. To the left 
of the spectrogram the conventional spectrum (over the whole 200-ms 
window) is shown. Below and above the spectrogram the time-domain 
representation is reproduced: the original waveform below and the sliding 
window rms above. The scale to the right relates the colours to a logarithmic 
(dB) magnitude scale. 
 

D.  Type II and Type III interaction 
Other examples of loads that were found to have a strong 

shunting capacity were an LCD TV and a microwave oven. 
Both loads are equipped with an EMC filter which is 
connected at the terminals of the load. A schematic of a 
typical EMC filter with a capacitor connected between line 
and neutral on the grid side is shown in Figure 5. 

 
Figure 5 Schematic of a typical EMC filter. 

 
The EMC filter is connected as long as the device is plugged 
in (i.e. the filter is on grid side of any mechanical or electronic 
switch). Some measurements were made to test how the EMC 
filters affect the communication signal. The PLC system 
tested uses Frequency Shift Keying (FSK) at 12.5 kHz for 
communication. Measurements were taken of the voltage and 
the current at the terminal of an LCD TV when in stand-by 
mode and when the TV was on. The 12.5 kHz current 
measured at the terminal of the TV has a peak value over 2 A, 
as seen in Figure 6. The only difference between the two 
curves is the 50 Hz component which is only present when the 

TV is on. 

 
Figure 6 Upper curves, voltage (green) and current (blue) measured at the 
terminal of the TV during communication when the TV is in stand-by. Bottom 
curve voltage (green) and current (blue) measured at the terminal of the TV 
during communication when the TV is on. 
 

This indicates that the component responsible for the low 
impedance is the filter, as it is the only component present in 
both cases. Loads like TVs and microwave ovens have their 
EMC filter connected to the grid even if they aren’t in use. 
The result is that they form a low-impedance path whenever 
they are plugged in, even when not in use. Also worth 
mentioning is that this capacitor on grid-side of the EMC filter 
is exposed to the power-line communication signal whenever 
the device is plugged in, which is most of the time for most 
equipment. 

E.  Type V interaction 
At some locations in the northern parts of Sweden a flicker 

problem due to interaction between a light dimmer and PLC 
was discovered. It was found that the communication device 
produced an oscillation on the voltage waveform that 
sometimes would coincide with the voltage zero-crossing. 
This would be seen by the light dimmer as multiple zero 
crossings and the light would be turned off for one half cycle 
a few times per second, producing a visible light flicker. This 
problem was observed at rural areas with fairly weak grids 
[21].  

V.  CONCLUSION 
Based on the measurements taken in the laboratory as well 

as in the field it is believed that attenuating by shunting is, and 
will be, the most common reason for failed communication. 
Due to the shunting capacity of end-user equipment, there is 
also a possibility that the communication can damage 
equipment connected to the grid. This issue needs more 
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attention. Connected loads will also contribute to low access 
impedance seen by the transmitter in the frequency range 
between 9 and 95 kHz. The voltage limits stated in the 
standard [11] starts with 7 Vpeak at the lowest frequency. For 
a 50-  system this would correspond to a maximum power of 
0.5W emitted at 9 kHz. However, the access impedance at 9 
kHz is more likely much lower. In [6] values as low as 0.2  
are indicated and low access impedance will result in high 
currents being emitted and also the risk of damaging nearby 
connected equipment increases.  

 Conducted emission with high magnitude from end-user 
equipment doesn’t seem to be the main cause for failed 
communication; most systems are resilient to that type of 
interaction. Close to the receiver high noise level can be an 
issue if the attenuation has been severe.  
 

Even though many different types of end-user equipment 
have been measured in order to examine the magnitude of the 
conducted emission in the frequency range 9 – 95 kHz, PLC is 
by far the strongest source of disturbance found and any 
future immunity standards should therefore be based on 
permitted levels for the communication.  
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