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Introduzione

Electrical and electronic devices have 
experienced an exponential growth in the 

last century. Particularly, after the Second 
World War, the research activity focused 
mainly on increasing their performance, 
by reducing their size, weight and cost 
simultaneously. For example, first computers 
filled several rooms and were characterized by 
very poor computational capability compared 
to actual personal computers. Similarly, radio-
communication devices have been significantly 
improved: in this context, it is worth noting 
that first rudimentary radio transmitters had 
very short range, being also quite heavy and 
bulky. Nowadays, smartphones allow people 
to communicate to each other whatever they 
are all over the world.

However, the miniaturization of electrical 
and electronic devices also leads to several 
problems due to electromagnetic emissions, 
such as interactions among different devices 
placed in reduced volumes of space. In this 
context, researcher have recently focused their 

attention on Electromagnetic Compatibility 
(EMC), which is defined as “the ability of an 
electronic system to function properly in 
its intended electromagnetic environment 
and not be a source of pollution to that 
electromagnetic environment 1  ”. Consequently, 
two different aspect should be considered in 
designing an electrical or electronic device, 
i.e. Susceptibility (or Immunity) and Emission. 
Particularly, a device with low susceptibility (or 
high immunity) is quite insensitive to external 
Electromagnetic Interference (EMI), which 
thus do not affect its normal operation. A 
device should also assure low electromagnetic 
emissions (conducted and/or radiated) in order 
to do not affect the operation of other devices 
that share its electromagnetic environment.
In order to evaluate both susceptibility and 
emission of an electrical and electronic device, 
several national and international standards 
have been introduced. They prescribe 
appropriate EMC testing procedures, as well as 
susceptibility and emission limits. In this context, 

1. H.W. Ott, Electromagnetic 
Compatibility Engineering, 
Wiley, USA, 2009.
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it is worth noting that compliance with EMC 
standards is generally verified “a posteriori”. 
Therefore, if a device is not compliant with 
EMC standards, extra components has to be 
introduced (electromagnetic filters), leading to 
increased size, weight and cost. This drawback 
could be overcome by an accurate “a priori” 
EMC analysis, which aims to guarantee full 
compliance with EMC standards by means of 
an appropriate design of the device. However, 
although some recently-developed tools 
suggest some guidelines in order to minimize 
EMC issues “a priori”, these last are still not 
very widespread.

In this context, this PhD dissertation 
addresses EMC issues of electrical and 
electronic devices. In the first part of this 
work (Part_01), EMC fundamentals are briefly 
resumed and discussed, particularly focusing 
on EMC susceptibility and conducted/radiated 
emissions. Subsequently, attention is moved 
to both intentional and non-intentional EMI 
sources, particularly on RFID devices and power 
electronic converters respectively. These last 
are very widespread in several application 
fields, such as battery chargers, personal 
computers, electrical drives and grid interfaces. 
They consists of passive elements (inductors, 
capacitors, etc.), which are appropriately 
coupled by means of switching devices in 
order to guarantee appropriate voltage and/or 
current supply. The inherent switching nature 
of power electronic converters make them non-
intentional EMI sources, may leading to high 
levels of conducted and/or radiated emissions. 
Particularly, conducted emissions are mainly 
due to unsuitable coupling among heat sinks, 
wires and printed circuits. Whereas radiated 
emissions are due to the switching devices, 
which behave as antenna when operate at 

high frequency value. Thus, the second part 
of this PhD dissertation (Part_02) deals with 
modelling and simulation of power electronic 
converters, whose switching frequencies 
generally lie within several hundred kilohertz. 
Then, several experimental results are 
presented regarding EMC tests performed in 
an RF anechoic chamber, highlighting the most 
critical EMC issues in terms of both conducted 
and radiated emission levels.

The last part of this work (Part_03) is 
devoted to EMC susceptibility/immunity of 
implantable medical devices. At the present 
time these kinds of electrical and electronic 
devices are implanted even from a very young 
age, allowing more people to live a normal 
life. Consequently, EMC issues related to them 
are becoming increasingly relevant for both 
researcher and manufacturer, international 
standards being slightly outdated. In this 
context, an Implantable Cardioverter 
Defibrillator (ICD) have been considered with 
the aim of determining an EMC characterization 
in terms of sensing performances. This goal is 
achieved by developing a suitable sensing test 
procedure, which allows the evaluation of the 
ICD susceptibility level at different patient state 
of health. The proposed testing procedure has 
been validated through several experimental 
tests, which have been performed in the 
RF anechoic chamber above-mentioned. 
It assures pre-compliance of the tests in 
accordance with international standards, 
shielding against uncontrolled EMI sources. 
Experimental results are finally reported and 
discussed, highlighting the effectiveness of the 
proposed procedure.
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Technological progress over the past decades 
has contributed to a sudden increase of the 

number of electrical and electronic devices in 
various fields, such as telecommunication, 
data processing, power equipment and 
medicine. In addition, scientific research has 
contributed significantly to the miniaturization 
of electronic circuitry, thus enabling portable 
and/or wearable electrical and electronic 
devices. Such a need to shrink these devices 
arise from the will to make them very 
widespread. Today, the number of electrical 
and electronic devices in a room of industrial 
and/or residential environment is very high. 
Each of them includes a significant number of 
integrated switches, having to perform many 
operations per second based on information 
signals up to few GHz. Unfortunately, some 
side effects also occur, such as the presence 
of strong electromagnetic fields in reduced 
volume of space. Consequently, the majority 
of electrical and electronic devices can act 
as both source and sink of electromagnetic 
fields. Thus, it is necessary to verify that 
these devices are not influenced by external 

1.1. What is Electromagnetic Compatibility

electromagnetic noise, as well as they are 
not sources of electromagnetic interference. 
Particularly, noise is defined as “any electrical 
signal present in a circuit other than the 
desired signal 1 ”, whereas interference is “the 
undesirable effect of noise 2 ”. Among the 
most common sources of electromagnetic 
noise, there are telecommunication systems, 
electrical motors, switches, computers, even 
some natural phenomena, such as lightning.

The problems arising from electromagnetic 
interference are dealt by the branch of 
electrical and electronic engineering called 
Electromagnetic Compatibility (EMC). 
Particularly, EMC is defined as the “ability of 
an electronic system to function properly in 
its intended electromagnetic environment 
and not be a source of pollution to that 
electromagnetic environment 3 ”. EMC thus 
considers generation, transmission and 
reception of unwanted electromagnetic 
phenomena, especially focusing on their 
side effects. The aim of EMC is to ensure 
proper operation of any electrical and 
electronic devices that share in the same 
electromagnetic environment. EMC issues are 
thus becoming of fundamental importance for 
circuit designers, who must take care of both 
device performances and Electromagnetic 
Interference (EMI), especially when it may 
affect the safety of human health. In this 
context, any EMI phenomenon always occurs 
from a source of disturbance to a target device 
through a coupling, as shown in Fig. 1.

EMC is regulated by several national and/
or international standards, which require 
that any electrical and electronic device is 
compliance with EMC limits before it can be 
available on the market. Particularly, EMI 
produced by the device must not achieve an 

1,2,3. H.W. Ott, Electromagnetic 
Compatibility Engineering, 
Wiley, USA, 2009.
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intensity so that it prevents normal operation 
of surrounding devices. Similarly, it must not be 
badly influenced by external electromagnetic 
sources, i.e. it must show a certain immunity 
level. In this context, EMI sources can be 
classified mainly as intentional (IEMI) or non-
intentional (NEMI). Such classification is based 
on the coupling and on the kind of source, e.g. 
radio stations are usually considered IEMIs 
because they transmit signals that have to be 
sent to appropriate receivers. Whereas NEMIs 
consist of those devices whose operating 
principle does not entail electromagnetic 
signal emission, such as fluorescent lamps. In 
order to address EMC issues, three different 
solutions can be adopted. The first one 
consists of suppressing EMI by appropriately 
modifying its source. The second is making 
the coupling less efficient as possible, e.g. by 
means of appropriate metal shield. Finally, the 
third solution consists of making the EMI sink 
less susceptible, increasing its immunity level. 
However, this last solution is not ever simple 
and easy to be performed.

First EMC issues arose in early 1900, but they 
became more important after the introduction 
and use of radio systems, during the Second 
World War. Electromagnetic interference 
phenomena occurred during that time were 
solved by assigning different frequency bands 
to each kind of system. This solution was quite 
simple and easy to be implemented, since the 
electromagnetic spectrum was almost empty, 
unlike the present one. Electromagnetic 
Interference (EMI) has increased with years, 
in particular in 50s with the introduction of 
the first transistor and in 60s with the first 
integrated circuit. The turning point was 
in 70s due to the exponential increase of 
the integration level of transistors in digital 

chips, together with the diffusion of first 
microprocessors. Another key point occurred 
in late 80s, when digital technology started 
to replace analog circuitry. This technology is 
based on fast switching, and, thus, on the use 
of signals characterized by high frequency and 
harmonic content.

Fig. 1.Representation 
of an EMI phenomenon.

Fig. 2. Classification of 
EMC issues.

1.2. Electromagnetic Compatibility Issues

Referring to Fig. 2, EMC issues can be 
divided into four different phenomena: 
Radiated Emission (RE), Radiated Susceptibility/
Immunity (RS/I), Conducted Emission (CE) 
and Conducted Susceptivity/Immunity (CS/I). 

1

1

2

2
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Emission concerns the ability of a device to 
cause interference in its environment. The 
purpose of controlling the level of emissions 
of a device is to ensure an appropriate 
electromagnetic environment. Susceptibility 
and Suceptivity are the attitude of a device 
or circuit to malfunction due to noise, their 
opposite being called Immunity.

Typical examples of EMC issues are shown 
in Fig. 3 and Fig. 4, which refer to a generic 
electrical or electronic device interconnected 
with communication systems and supplied 
by the AC grid. In particular, all power and 
communication subsystems may be subjected 

to EMI, radiated and/or conducted through 
the cables. All these phenomena are due to 
electromagnetic couplings between the device 
and an external source or receiver, which can 
be grouped into three main categories:

• Conducted Coupling, when the noise 
propagates through the conductors that 
interconnect the various parts of the device 
or the device to the AC grid, including 
grounding cables. Conducted coupling is 
responsible for both conducted emission and 
susceptivity, in accordance with the device 
acts as an EMI source or sink respectively.

Fig. 3. An example of 
radiated emission (on 
the left) and radiated 
susceptibility (on the 
right).

Fig. 4. An example of 
conducted emission (on 
the left) and conducted 
susceptivity (on the 
rigth).

3

3

4

4
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• Radiated Coupling, when the device acts as 
an antenna, emitting and/or receiving EMI. 
This especially occurs when it is supplied 
or deliver AC currents, leading to Radiated 
Susceptibility or Emission respectively.
• Coupling Impedances, which occurs when 
different electrical circuits share a single 
impedance. This is the typical situation of 
Conducted Susceptivity issues.

Because of all these effects, EMC issues of 
any device should be considered even from the 
early stages of its design. During these, all the 
necessary parameters must be determined, 
including appropriate and accurate EMC 
analysis over a wide frequency range. However, 
EMC issues are usually considered only after 
the project accomplishment, particularly they 
are revealed by quality control. This means 
that many electrical and electronic devices 
do not meet EMC standards automatically, 
thus requiring complex and costly solutions, 
as shown in Fig. 5. In particular, as equipment 
development proceeds, the number of 
available techniques for noise reduction 
decrease, whereas their cost increase. Among 
these, the most frequently employed are 
additional filters, ferrite rings or un-optimized 
shielding structures. 

1.3. Radiated Emission and Susceptibility

Among  the EMC issues that occur in 
electrical and electronic equipment, the 
most important are radiated emission and 
susceptibility. This is because any type of 
conductor, short and long, which carries 
a time-variable current act as an antenna. 
Consequently, many components can either 
generate or be affected by radiated emissions, 
making this issue quite widespread. Nowadays, 
a major cause of radiated emission and 
susceptibility are digital circuits assembled 
on conductive plates. Their operation is based 
on digital signals, so they are characterized by 
rapid transitions from high to low levels and 
vice versa.

In this context, it is important to distinguish 
between different emission components, 
i.e. common and differential mode. This 
classification helps to better analyse radiated 
phenomena, also by suitable mathematical 
formulations. Differential mode is due to 
currents that flow through closed loops on a 
plate, as shown in Fig. 6. These act as small 
loop antennas that radiate magnetic fields 
mostly, being associable with a magnetic 
dipole. Although these loops are necessary 
for circuit operation, radiated emission level 

Fig. 5. Cost and 
technolgy trends of 
techniques for noise 
reduction over the design, 
testing and producting 
stage.5

5



16

must be monitored during the design process 
in order to minimize EMC issues. Differently, 
common mode arises in presence of an 
external connection, such as grounding, as 
shown in Fig. 7. In this case, cables act as 
antennas that radiate electric fields, behaving 
as electric dipoles. Since the parasitic 
impedances of common mode circuits are 
hard to be considered in the design stage, 
these radiations are often the most difficult to 

1 C D

2 C D

I  =  I + I

I  =  I I−

  

  

where ID and IC denote the differential and 
common mode component respectively. These 
can be thus expressed as a function of the two 
currents I1 and I2 as:

1 2
D

1 2
C

 I II  = 
2

 I + II  = 
2

− 


 


be monitored and mitigated. 
Referring to Fig. 8 and assuming to work in 

the frequency domain, the currents I1 and I2 
can be expressed as:

Particularly, considering two parallel 
conductors, differential mode currents ID 
have the same magnitude, but are opposite 
directed. These usually represent functional 
current or information signal traveling through 
the grid. Differently, common-mode currents 
IC generally arises by connecting the device 
to the grid, they being not necessary for any 
specific operation. In general, IC magnitudes 
are significantly less than ID , but this does not 
mean that radiated emissions due to common 
mode currents be negligible. In fact, IC often 
produces a radiated electromagnetic field 
intensity greater than that of differential mode 
currents.

Therefore considering two conductors of 
length L and positioned at a distance d from 
each other, the resulting electric field in a 
generic point P is given by the difference of 

Fig. 6. Differential-
mode radiation from 
printed circuit board.

Fig. 7. Common-mode 
radiaton from system 
cables.

Fig. 8. Decomposition 
of currents in differential-
mode (ID) and common-
mode (IC ).

6

6

7

7

8

8

(1)

(2)
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the two radiated components, as shown in Fig. 
9. In particular, it can be seen that ED is lower 
than EC because ID contributions are opposite 
to each other. This corroborates the fact that 
common mode currents are negligible only 
apparently, because they are able to produce 
radiated fields significantly greater than 
differential-mode currents.

Electric field due to radiated emission can 
be computed referring to the Hertzian dipole 
shown in Fig.10. In particular, it is assumed 
that conductor lengths are sufficiently small 
compared to the distance of the measurement 
point, so that all contributions can be assumed 
parallel to each other. For example, this is 
satisfied considering cables shorter than 1 m 
and a measurement point far about 3 m. In 
addition, also assuming current distribution 
constant along the cables, both magnitude and 
phase of electric field can be expressed as:

β0η0
π

π

θ

Fig. 9.  Electric field due 
to radiated emissions: 
differential-mode (case 
a) and common-mode 
(case b).

F i g . 1 0 . R a d i a t e d 
emissions from a twisted-
pair cable (far field).

Based on (3), it is thus possible to determine 
the expression of the electric field as

ˆ ˆ ˆ ˆ 
1 2-j   r -j   r

1 2
1 2

e eE = M I + I F   
r r

 
 
 

θ
β0

(θ)

Considering now differential mode current 
only, both I1 and I2 can be replaced as:

1 D

2 D

I  = I

I  = I−

 

 

9

9

10

10

      ˆ
 

 

M = j  L = j 2 f L
4

F( )= sinθ
(3)

(4)
β0

(5)
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Consequently, assuming θ equal to π/2 and 
referring to Fig. 11, it is possible to determine 
the maximum value of ED as a function of the 
distance d at which it is computed:

Fig. 11. E v a l u a t i o n 
of the maximum field 
due differential mode 
currents.

which highlights that ED is proportional to 
the current ID, the coil area (Ls) and the 
square of the current frequency f. In order 
to reduce emission level due to differential 
mode currents, two different solutions can be 
employed: reducing the current magnitude, 
which is generally not applicable, or the coil 
area. This last solution should be performed in 

The most common form of radiated 
emissions is due to common mode currents 
issued from power cables. They depend on 
the potential of the common mode (usually 
the ground voltage), as shown in Fig. 13. 
Particularly, common mode circuits can be 
modelled as electric dipole or monopole. 
Thus, referring to Fig. 10 and assuming that 
only common mode currents are flowing into 
the cables, the following expression can be 
introduced:

1 C

2 C

I  = I

I  = I

 

 

Thus, for a dipole of length L, E-field 
magnitude at a distance r from the source (far 

ˆˆ  0-j  d-7 D
D,max

f  I L 1E  = 4 10 e sin    d
d 2

 − ⋅  
 

π β β0

ˆ
ˆ

2
D-14

D,max

f  I Ls
E  =  2.63 10

d
⋅

Finally, denoting by s the distance between 
conductors and assuming it very small, the 
radiated electric field due to differential-mode 
currents becomes:

ˆ
ˆ

2
D-14

D,max

f  I Ls
E  =  1.316 10

d
⋅

the design stage, especially for printed circuits 
rather than wire-based ones.

When a radiating loop is placed in free 
space, it acts as an antenna, whose constant 
E-field contour can be represented as a small 
toroid, as shown in Fig. 12. E-field can be thus 
detected by a receiving antenna, which can 
measures the corresponding EMC radiated 
emissions. Such measurements can be 
performed in special laboratory, outdoor sites 
or anechoic chambers. These must ensure 
the use of the ground plane, which provides a 
reflective surface that increases the emission 
of 6 dB (or by a factor of two). Consequently, 
(7) should be replaced by

11

11

(6)

(7)

(8)

(9)
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It is worth noting that (10) is valid for an 
ideal dipole antenna with a uniform current 
distribution. For a real dipole antenna, the 
current goes to zero at the open ends of the 
wire. In practice, an almost uniform current 
distribution can be achieved if a metal cap 
is placed at the open end of a dipole or 
monopole. Therefore, still assuming s very 
small, maximum radiated electric field due to 
common-mode currents becomes:

Fig. 12. F r e e - s p a c e 
radiation pattern for a 
small loop antenna.

Fig. 13. C a p a c i t o r 
loaded dipole (A) and 
monopole (B).

Thus, (11) shows that common-mode 
radiated emissions is proportional to 
current frequency and magnitude, as well 
as to the length of the antenna. The primary 
method of minimizing this emission is to 
limit the common-mode current. This can 
be accomplished by decreasing the voltage 
noise of the ground, by means of an accurate 
design and metallization of the plane. It is 
also possible to use relatively low switching 
frequencies and/or cable shielding (choke 
ferrite), as well as to employ short cables 
very close to the ground. In this context, it is 
worth noting that ferrite behaves as either a 
resistor or an inductor at high frequency or 
low frequency level respectively. It suppress 
common mode signals only, differential mode 
signals being unaffected. The employment of 

ˆ
ˆ

2
C-6

C,max

f I L
E  =  1.257 10

d
⋅

ˆ
ˆ  0-j  d-7 C

C,max
f  I L 1E  = 4 10 e cos    d

d 2
 ⋅  
 

π β β0

field) can be determined based on (4) as ferrite should be considered in early stages 
of the design, particularly this solution is 
more problematic for cables. Whereas, for 
printed circuit board, long lines are generally 
avoided, the employment of ferrite being thus 
unnecessary.

The limits imposed by national and/or 
international standards for radiated emissions 
must be surely satisfied by any electrical 
and electronic device in order to allow them 
to be placed on the market. However, this 

12

12

13

13

(10)

(11)
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  2

ERPP =  
4 dπ

1.3. Conducted Emission and Susceptivity

Regulatory authorities require strict limits 
for conducted emissions because they are 
able to spread over the electrical distribution 
system to which the device is connected. This 
is a large conducting grid that is connected 
to several devices, each of which is supplied 
through a power socket. Therefore, electrical 
distribution system can act as a large group 

of antennas, which can be usefully exploited 
by conducted emissions in order to radiate 
themselves with great efficiency, causing 
interference. Therefore, since conducted 
emissions can cause radiated emissions, if a 
device does not meet regulatory constraints on 
the former, compliance with radiated emission 
standards is not guaranteed too.

Another aspect that should be considered 
consists of conducted emission coming from 
the electrical distribution system. In particular, 
some phenomena (lightning) can generate 
transient current of high intensity, which may 
cause some EMC problems to those devices 
that are fed by the electrical system directly. 
Accurate design of power supplies and proper 
equipment places can provide a good degree of 
protection against this kind of problems. In this 
context, equipment manufacturers perform 
several susceptivity tests in order to verify 
that the equipment still operates satisfactorily, 
even in presence of such EMI signals. In fact, 
since their spectral content and intensity are 
much higher than typical conducted emissions, 
power filter may not be so effective. Therefore, 
specific tests can usually detect when extra 
protections are needed.

Generally, conducted emissions should be 
very small because, although they are not able 
to arise EMI issues directly, they may cause 
much more significant radiated emissions that 
may interfere with device operations, such as 
telecommunication and AM radio systems. 
International standards refer to a frequency 
range of 150 kHz-30 MHz, over which most 
of the devices connected to the distribution 
system can become very efficient antenna. 

As for Radiated Emissions, differential 
and common mode components should be 
considered also for Conducted Emissions. In 

requirement is not sufficient because the 
device can present high susceptibility levels 
to external noise, such as radiated fields 
from radio transmitters, radar, lightning and 
electrostatic discharge (ESD). Consequently, its 
performances could be unreliable and, thus, 
unsatisfactory for customers.

Therefore, any device must comply with 
standard radiated susceptibility or immunity 
requirements. Particularly, residential and 
commercial products must operate without 
degradation when exposed to an electric field 
of 3 V/m (80% AM, 80-1000 MHz), whereas this 
threshold is higher for industrial equipment 
(10 V/m). For military devices, immunity up to 
200 V/m is even required.

Assuming a small isotropic radiator, the 
E-field power density at a given distance d 
from the source can be computed dividing the 
Effective Radiated Power (ERP) by the surface 
area of a sphere whose radius is equal to the 
distance d:

(12)
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P C D

N C D

I  = I + I

I  = I I−

  

  

Therefore, differential and common mode 
current can be easily achieved as:

( )
( )

D P N

C P N

1I  = I I
2
1I  = I + I
2

−  

  

As a result, the measured voltages are:

( )
( )

ˆ

ˆ

C DP

C DN

V  = 50 I + I

V  = 50 I I−

 

 

Fig. 14. C o n d u c t e d 
Emissions: differential 
mode (ID) and common 
mode currents (IC).

this case, such components are identifiable 
by different paths; in particular, differential 
mode currents flow through phase and 
neutral conductors, whereas common-mode 
ones flow from both phase and neutral to 
the ground, all this being shown in Fig. 14. 
Consequently, phase and neutral currents 
can be expressed as

14

14

(13)

(14)

(15)

It is worth noting that common-mode and 
differential-mode currents are mutually 
exclusive, as detectable by (16). As for Radiated 
Emissions, common-mode current is the most 
critical in terms of EMC issues. One of the most 
important issue is thus to limit the common 
mode voltage, which must be measured for 
AC lines between phase and ground, as well 

as between neutral and ground. Whereas in 
the case of DC lines the measurement have to 
be made between both positive and ground 
and negative and ground. Particularly, the 
coupling impedance corresponding to such 
connections is responsible for conducted 
emissions. Unfortunately, such impedance is 
highly variable, thus it would be difficult to 
obtain repeatable test results.

For this reason, a Line Impedance 
Stabilization Network (LISN) is employed as 
suitable interface between the device under 
test and the electrical system, as shown in Fig. 
15. Particularly, the LISN ensures a constant 
known impedance (50 Ω) across the power 
supply terminals of the device over 150 kHz-30 
MHz, thus guaranteeing conducted emission 
tests repeatability. Still referring to Fig. 15, a 
switching-mode power supply is considered 
as the device under test because it represents 
one of the most important source of 
conducted emissions in electrical distribution 
systems. This is due to the use of switch, which 
introduces high-pulsating currents and, thus, 
both differential-mode and common-mode 
current components.
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( )  CM P PV  = 25 2 f C V⋅ π

where VP is the magnitude of the equivalent 
voltage source. Consequently, common mode 
voltage is quite low if the circuit is characterized 
by a high impedance and, thus, by very low 
values of CP. 
Any device connected to the electrical 
distribution systems should also present 
acceptable levels of immunity against conducted 
emissions, i.e. they should be characterized by 
a conducted susceptivity as low as possible. In 
this context, there are several ways in which 
susceptivity issues may arise, such as when the 
connecting cables lie near an electromagnetic 
source. Consequently, it is possible that some 
induced signals reach the input of the device. 
The first defence against conducted emissions 
is represented by the input filters, which are 
already required by standards in order to 
prevent conducted emission issues. However, 
such a dual role lead to oversizing because 
external noise frequencies are not known a 

of the parasitic capacitance (CP). Particularly, 
VCM can be expressed as

Fig. 15. S i m p l i f i e d 
circuit Switched-mode 
power supply showing 
parasitic capacitances to 
ground.
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(16)
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Firstly focusing on differential-mode 
currents, reference can be made to the 
equivalent circuit shown in Fig. 16. This is 
achieved by replacing the switching device 
with an equivalent current source IP and by 
ignoring the rectifier. It can be seen that 
part of the current IP flows within the device, 
i.e. through the RLC branch. Whereas the 
remaining part flows through the rectifier 
bridge up to the LISN, thus it represents the 
differential-mode current (IDM). It is worth 
noting that IDM is generally quite small due to 
CF , which acts as an input filter. Therefore, IDM 
and, thus, the voltage across LISN (VDM) are 
determined mainly by CF parasitic parameters 
(LF and RF), as well as to the capacitive coupling 
between the switching transistor and its heat 
sink. Consequently, both IDM and VDM can 
be reduced by increasing the capacitance 
between the switch and its heat sink, as well 
as avoiding its grounding. Considering now 
common-mode currents, reference can be 
made to the equivalent circuit shown in Fig. 
17. It can be seen that common-mode current 
(ICM) and, thus, the corresponding LISN voltage 
(VCMv) are mainly determined by the magnitude 
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priori. Susceptivity tests are quite simple and 
economic, in particular they can be performed 
by means of a coupling network that represents 
the electrical distribution system. They consist 
of injecting a continuous signal or a series of 
pulses for emulating conducted noise signals, 
which can be very rapid or slow, with high and/
or low energy content. Based on the kind of 
device (residential, commercial, industrial, 
military, etc.) and conducted emission source, 
different test results are allowed in accordance 
with the following three different criteria:

• Criteria A: The equipment shall continue 
to operate as intended during and after the 
test. No degradation of performance or loss 
of function is allowed.
• Criteria B: The equipment shall continue 
to operate as intended after the test. After 
the test, no degradation of performance or 
loss of function is allowed. During the test, 
degradation of performance is allowed. 
However, no change of the operating state 
or stored data is allowed.
• Criteria C: Temporary loss of function 
is allowed, provided the function is self-
recoverable or can be restored by the 
operation of controls.

Particularly, Criteria A is generally applied 
when the device is exposed to RF sources, 
whereas Criteria B is employed in case of 
some line disturbances. Criteria C is applicable 
for severe power-line dips and interruptions. 
It is worth noting that accurate design and 
placement of the power supply can provide a 
suitable basic protection against noise signals. 
However, since their spectral content and 
intensity may be very high, input filters cannot 
assure a total protection.

1.4. Other EMC Issues

Apart from Radiated and Conducted 
Emissions, there are some others EMC issues 
that should be considered. Among these, the 
most relevant ones are Electrostatic Discharge 
(ESD), current harmonics and flickers, which are 
briefly described in the following subsections.

1.4.1. Electrostatic Discharge

The problem of uncontrolled electrostatic 
discharge (ESD) is significant for the electronic 
industry mostly. This is because many integrated 
circuits and semiconductor components can 
be damaged by electrostatic discharges, as 
it was revealed in early 60s. As electronic 
devices become smaller and operate at lower 
voltages, their susceptibility to ESD increases. 

Fig. 16. Differential-
mode equivalent circuit of 
a switching-mode power 
supply.

Fig. 17. Common-mode 
equivalent circuit of a 
switching-mode power 
supply.
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17

16

17
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Many of the techniques used to decrease EMC 
issues due to ESD are similar to those used for 
standard susceptibility, immunity and radiated 
emissions.

Electrostatic discharge (ESD) occurs 
in correspondence of separation and/or 
recombination of electric charges. There are 
many ways to produce a separation of charges. 
Rubbing different insulating materials to each 
other may cause charge transfer from one to 
another. A general indication of the transfer 
polarity is given by the triboelectric series 
shown in Table I. It is worth noting that the 
Table provides indicative information about 
the charge magnitude only. This depends 
not only on the position of the materials 
in the triboelectric series, but also on size, 
cleanliness and smoothness of the contact 
area, as well as on contact pressure, rubbing 
intensity and speed.

If one of this charged material is put 
in contact with a metallic conductor, an 
intense electric field may occur, which 
results in a destructive discharging through 
an electric arc of high intensity. This is a 
familiar phenomenon, which happens, 
for example, when walking on a carpet of 
synthetic material in a particularly dry day 
and then get in touch with a doorknob. If 
such discharging process involves sensitive 
electronic circuits, the effects can range from 
data loss to permanent damages. In this 
context, the first electronic devices operating 
in high vacuum tubes possessed inherent 
immunity against ESD. Whereas modern 
semiconductor circuits have a significantly 
greater susceptibility to ESD. Susceptibility of 
a device to ESD is an EMC issues as important 
as radiated and conducted emissions. Thus, 
if the device is not able to operate normally 

 = QV
C

where Q and C denote charge and capacitance 
respectively. Assuming two materials charged 
at Q, the product VC is thus constant. Therefore, 
when they are close together, the capacitance 
is large and the voltage is low. As the distance 
between materials increases, the capacitance 
decreases and, thus, the voltage increases.

The effects of ESD are mainly due to 
the intense electrostatic field and to the 
high discharging current. Particularly, high 
E-field values may overstress dielectric 
material of electronic components, leading 
to their permanent damage. Whereas high 
discharging current can lead to several 
problems, ranging from malfunction to 
destruction of components. This may occur 
by direct conduction through the electronic 
circuits, secondary arches, capacitive and/or 
inductive coupling with the electronic circuits. 
Discharging current may also produce electric 
and magnetic fields that couple with the 
conductors of printed circuit boards and/or 
with wires placed inside the equipment. The 
corresponding induced voltage and/or current 
may thus lead to radiated and conducted 
emission too, especially in proximity of the 
device.

after an ESD, it does not meet the limits 
imposed by standards.

Since charge is generally difficult to 
be measured directly, reference is made 
to electrostatic potential, which can be 
expressed as

(16)
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1.4.2. Current Harmonics

Current harmonic generation is the result 
of supplying non-linear load through the 
AC line. It thus may be related to switching 
mode power supplies, variable speed motor 
drives and electronic ballasts for fluorescent 
lamps. Particularly, one of the main sources 
of current harmonics are full-wave front-end 
rectifiers followed by an input filter. In these 
cases, current drawn occurs only when the 
line voltage exceeds that of the input filter. 
Consequently, high-pulsating currents occurs, 
the resulting waveform being characterized by 
high harmonic content.

The limits for current harmonic content is 
reported in Table II. Particularly, in Europe, an 
AC current supply with an input current less 
than or equal to 16 A per phase must comply 
with the EN 61000-3-2.

1.4.3. Flicker

Due the impedance of the power system, 
sudden current variations required by some 
devices connected to the line produce voltage 
fluctuations. This introduces Flickers, which 
are defined as variations of lamp light intensity 
perceptible by human eye.

For avoiding flickers, peak current drawn 
from the line is appropriately bounded, 
particularly the limits are imposed by the EN 
61000-3-3 and also reported Table III. These 
were achieved based on a considerable number 
of tests performed on light changes of a 60W 
incandescent lamp. The tests involved many 
people, which were subjected to flickers in 
order to determine the threshold of irritability. 

It was observed that people are more sensitive 
to flickers when the phenomenon occurs about 
1000 times per minute. When the occurrences 
overcome 1800 times per minute, flicker is no 
longer perceived. 

Flicker test are quite different compared 
to the other EMC issues because it does not 
entail the measurement of any value, neither 
its comparison with a given limit threshold. 
It requires many steps to be carried out and, 
then, a statistical analysis has to be performed 
on the measured data in order to determine 
if the occurrences exceed the corresponding 
limit.

[1] H.W. Ott, Electromagnetic Compatibility Engineering, Wiley, 
USA, 2009.

[2]  A. Bochicchio and G. Giambartolomei, “Lezioni di Compatibilità 
Elettromagnetica”, Pitagora Editrice Bologna, Italy, 1993.

[3] R.P. Clayton “Introduction to Electromagnetic Compatibility”, 
Wiley, USA, 2006.
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TABLE I. Triboeletric Series

TABLE II. European union's 
harmonic current limits 
for class A equipment, up 
to 20th harmonic.
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TABLE III.  European union's 
maximun peak inrush 
current requirements.
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The presence of electromagnetic fields 
is nearly unavoidable because they 

are inherently related to the use of any 
electrical and electronic devices, such as 
radio or cell phones. With the increase of 
telecommunications and the development 
of radio broadcasting exposure, people thus 
live in environments full of electromagnetic 
fields at various frequencies; in particular, 
the most significant part of the spectrum lies 
within 100 kHz and 300 GHz, also called Radio 
Frequency (RF).

In this context, it is possible to identify 
two different kinds of EMI sources, i.e. 
intentional and non-intentional. Intentional 
EMI sources (IEMIs) are those devices 
whose operation requires irradiation of 
electromagnetic fields, such as the majority 
of telecommunication systems (TV, radio, 
etc.). Whereas non-intentional EMI sources 
(NEMIs) emit an electromagnetic field in the 
surrounding environment as a side effect 
due to their operation. Thus, NEMIs consist 
mainly of electrical energy systems, especially 
those equipped with switching mode power 

supplies. There are also a number of NEMIs 
in both industrial and medical applications, 
e.g. induction and radiofrequency heaters, 
microwave ovens, machines for short-wave 
therapy or microwave equipment for nuclear 
magnetic resonance.

This chapter addresses problems arising 
from both IEMI and NEMI, especially regarding 
emission issues. In particular, Radio Frequency 
Identification (RFID) devices are considered 
as an example of IEMI, whereas NEMIs are 
represented by power electronic AC/DC 
converters. RFID systems are thus considered 
at first, giving a brief overview of their most 
important features and operating principle. 
Subsequently, some experimental tests are 
presented and discussed, which corroborates 
the IEMI nature of RFID devices. Secondly, 
Power Factor Correction AC/DC converters 
are considered and analysed in details. In 
particular, mathematical modelling of Buck-
Boost and Boost topology is presented at 
first, based on which suitable continuous-time 
equivalent circuit are determined. These are 
particularly useful for performing advanced 
analysis on EMI issues. Subsequently, an 
extensive experimental study is presented, 
which has been carried out on a PFC Interleaved 
Boost converter. Particularly, experimental 
results reveal some performance and EMC 
issues, which are appropriately highlighted 
and discussed.
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2.2. An IEMI Source: Radio Frequency 
Identification Devices

Among the several IEMI sources, Radio 
Frequency Identification (RFID) devices have 
become very widespread in many applications, 
such as storing and selling goods, animal 
identification and monitoring, logistics, access 
and attendance control, library and archive 
management, ID documents. In particular, 
RFID devices enable the identification of 
objects, animals and people by means of 
electromagnetic waves. Thus, they are usefully 
employed also in medical applications, such as 
hospitals, where there is the need of perfectly 
coupling drugs with the corresponding 
patients and/or electro-medical devices, as 
well as of identifying and tracking blood bags.

An RFID system consists of three main 
components:

• the tag, which can be of different kinds, 
shapes and sizes (balls, nails, microfibers, 
inks, etc.);
• the reader, which communicates with the 
tag through its antenna in order to read and/
or write information;
• the host system, which has to filter and 
elaborate data, making them available for 
users.

The tag is attached to the object to be 
identified, thus it typically presents a unique 
identification number. Its data are recovered 
by the reader through the antenna, they are 
then processed, collected and displayed by the 
host system. 

An important feature of RFID systems is 
the working frequency, i.e. the frequency 
at which communication between tags and 

2.2.1. Tags

The most widespread format for RFID tags 
is Printed Circuit Board (PCB). It consists of a 
transmission coil (or dipole for UHF systems) 
printed on a substrate of paper or polyester 
and equipped with a memory chip. PCBs 
thus, presents several advantages compared 
to other kinds of tag, in particular their 
robustness allows them to be employed in hard 
environments, where a simple label cannot 
endure. However, in some circumstances, 
PCB tags may require appropriate enclosures, 

readers occurs. It generally lies within a wide 
range, from 125 kHz up to 5.8 GHz. Such a 
frequency spectrum is conventionally split 
into four bands:

• Low-frequency band (LF, 30-300 kHz)
• High-frequency band (HF, 3-30 MHz)
• Ultra-High-Frequency band (UHF, 30-3000 
MHz)
• Microwaves (MW, over 3 GHz)

Based on the coupling distance between 
tag and reader, RFID systems can be also 
classified as near coupling, distance mate 
or long range. Near coupling systems are 
characterized by a range less than 1 cm, thus, 
during data transfers, the tag must be in close 
contact with the reader, almost leaning on its 
antenna. Whereas distance mate systems can 
be used within a range of 1 m. Long range 
RFID systems, which have a radius of action of 
more than 1 m, generally resort to UHF or MW 
transmission frequencies. Particularly, they 
generally operate at 868 MHz or 915 MHz in 
Europe, whereas, in the US, the most popular 
frequencies are 2.5 or 5.8 GHz. 
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Fig.1. An example of a 
passive RFID tag.

Fig.4. An example of a 
mobile RFID reader.

Fig.3. An example of an 
active RFID tag.

Fig.2. An example of 
a semi-active or semi-
passive RFID tag.

Tab. I. Classification of 
Tag.
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2.2.2. Readers and Antennas

The reader, as a shown in Fig. 4., is the 
essential element of any RFID system because 
it enables data transfer from tags to users. It 
thus queries the single tag, interfacing it with 
the host system by means of appropriate 
reading and writing procedures. A reader is 
made up mainly of a radiofrequency module 
(transceiver), a control unit (controller) and 
coupling elements for the transponder (tag).

Reader antennas are the physical interfaces 
between the actual controller and the tags, 
allowing reading and writing from remote. 
There are several kinds of antennas available 
on the market, which differ for shape and 
size in order to enable data transmission 
and collection in confined or free spaces. 
Directional reader antenna can be sometimes 
employed for extending RFID operating range, 
as well as for better receiving signals re-emitted 
from transponders. 

Reader antenna sends electromagnetic 
waves to the tag, whose antenna sends them 
back after performing their appropriate 
modulation. The interrogation of the tag is 
carried out in order to collect the data stored 
into the chip. This operation may occur in 
different ways. The most popular one is 
undoubtedly the inductive coupling, which is 

especially if the environmental conditions are 
very unfavourable (rain, high humidity, etc.). 
Based on power supply and transmission, 
tags are classified as passive, semi-active and 
active.

Passive tags, as a shown in Fig. 1.  are 
supplied by RFID reader directly, which sends 
an energy beam in order to enable data 
transmission from the tag. Consequently, 
passive tags do not present any processing 
capability on their own, transmission being 
carried out only when the tag is queried. The 
communication distance varies depending 
on operating frequency and power levels, it 
generally ranges from few centimetres to few 
meters. Typically, UHF passive tags can be read 
within 4-5 meters, whereas MW ones can 
transmit much further (about 100 meters). 
Such short distances are due to the fact that 
transmitted power quickly decreases with 
distance, thus high power levels would be 
required for supplying passive tags from very 
long distances. As a result, these RFID devices 
are employed is typically used for short 
range applications, such as low speed freight 
transportation and static object identification.

Semi-active or semi-passive tags are 
equipped with batteries, as a shown in Fig. 
2., which operates in accordance with energy 
saving. Particularly, batteries usually supply 
tag sensors and/or memories, while the 
reading function is still fed by the reader. 
Consequently, these tags are able to transmit 
data only when interrogated by the reader, as 
occurs for passive tags.

Differently from the above mentioned tags, 
active tags , as a shown in Fig. 3., are supplied 
by their own power source; this provides 
energy for their internal circuitry, as well as 
for reading and writing operations, enabling 

them to transmit data independently from 
the reader. Consequently, wider transmission 
distances may occur, up to tens of kilometres, 
query from the reader being not required 
further. 

Another criterion used to classify RFID tags 
is based on their ability to read and write data, 
as shown in Table I.
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2.2.4. Experimental Results

In order to determine electromagnetic 
emissions of an RFID reader, some experimental 
tests have been performed. In particular, since 
the emission map differs in accordance with the 
kind of IEMI, an experimental characterization 
is fundamental in order to quantify emission 
levels. In this context, it is worth noting that 
emission maps of RFID devices are generally 
not provided by data sheets, thus making 
experimental tests unavoidable.

Therefore, preliminary tests on an RFID 
reader have been performed in a particular 

Fig. 5.  Emission map of 
RFID reader in RF  anechoic 
chamber

Fig. 6.  Tests  in non-ideal 
environments: glass wall

6

7
7
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2.2.3. Host System

Host system is the interface that handles 
the communication between the antenna 
and the software infrastructure (PCs, servers, 
Network Interface Modules, etc.) and consists 
of a control unit (microcomputer) with a 
suitable program. 

The host system manages the interrogation 
of the tags through serial or parallel 
communication. Particularly, the control unit 
has to encode, decode, control and store 
tag data through the reader. In this context, 
it is worth noting that data loss caused by 
multiple accesses to the transmission channel 
is defined collision.

The host system should thus provide 
appropriate identification of multiple tags 
when they are detected by reader antenna 
simultaneously. This is accomplished by 
means of suitable anti-collision algorithms for 
proper management of multiple tag receipts, 
each of which is characterized by a unique 
identification code. 

widely employed for passive tags operating at 
LF or HF. Consequently, the reader converts 
tag response into useful information (such as 
tag identification code), making them available 
for host systems in accordance with specific 
application requirements.



35

Electromagnetic Compatibility Issues of Electrical and Electronic Devices

Fig. 7.  Tests  in non-ideal 
environments: corridor.

TAB. II. Average value 
of the EM Field.

Fig. 8.  Differences in 
emissions of the RFID 
reader.
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structure used for studies on electromagnetic 
compatibility (EMC) issues, i.e. the RF anechoic 
chamber located in the Department of Electrical 
and Electronic Engineering of the University 
of Cagliari. The tests have been carried out in 
accordance with CEI 211-7 [4], which suggests 
that the RFID reader should be placed at three 
different heights (1.1, 1.5 and 1.9 m) and that 
the duration of each test shall be 6 minutes. The 
tests consists of measuring emission values by 
means of a field meter (PMM 8033 Rohde and 
Schwarz) on circumferential patterns centred 
into the device.

The first characterization has been carried 
out by placing the RFID reader in the centre 
of the RF anechoic chamber and by measuring 
the minimum distances at which no emissions 
are detected. The corresponding results are 
shown in Fig. 5.

Subsequently, some other tests have been 
carried out in non-ideal environments, i.e. 
the RFID reader has been placed in proximity 
of a glass wall and along a corridor near a lift 
for disabled people, as shown in Fig. 6 and 
Fig. 7 respectively. The tests regard only one 
direction, particularly that corresponding 
to the maximum distance achieved in the 
previous tests (330°). Experimental results are 
summarized in Table II. They reveal that RFID 
emissions vanished at higher distances than 
that obtained within the RF anechoic chamber, 
as expected, as a shown in Fig. 8. This is due 
to the many reflecting surfaces, corroborating 
the fact that the electromagnetic fields 
in a common environment propagate at 
considerable distances [5].
[4] CEI EN 61000-3-2, “Guide for the measurement and the 
evaluation of electromagnetic fields in the frequency range 10 
kHz - 300 GHz, with reference to the human exposure”, 2001. 
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[5] F.V. Caredda, A. Fanti, G. Gatto, G. Mazzarella, P.F. Orrù, I.L. 
Spano, E. Tanzi and F. Zedda, “EM Level Evaluation in Indoor 
Environment”, in Proc. IEEE 49th International Universities Power 
Engineering Conference (UPEC 2014), Cluj-Nepoca (Romania), 
Sept. 2-5, 2014, pp 4.

2.3. A NEMI Source: Power Factor 
Correction AC/DC Converter

Currently, power electronic converters are 
used in many applications, such as electronic 
ballast, battery charger, personal computer, 
electrical drives, photovoltaic systems and 
back-up power supplies. In particular, AC/DC 
converters are widely employed as front-end 
stages, providing appropriate coupling with 
the power grid [6]-[7]. These are made up 
mainly of passive elements, such as capacitors 
and inductors, which are properly coupled 
through switches and/or diodes. Consequently, 
suitable control and modulation of these 
switching devices should guarantee optimal 
performances, especially in terms of efficiency, 
voltage and current regulation.

Power quality and EMI issues are 
particularly relevant for AC/DC converters, 
which are characterized by fast voltage and 
current variations, as well as by high pulsating 
currents drawn by some non-linear loads. These 
problems could be partially addressed by EMI 
filters, which, however, are usually bulky, costly 
and heavy. Therefore, several approaches 
have been suggested in the literature for EMI 
mitigation, which resort mainly to suitable 
Pulse Width Modulation (PWM) techniques 
and/or novel converter topologies. Among 
these, active Power Factor Correction (PFC) 
topologies allows the rectification of the 

AC line voltage into a regulated DC output 
voltage, while shaping the input current to 
be a sinusoid. As a result, PFCs significantly 
contribute to address power quality and EMI 
issues, leading to the employment of smaller 
and lighter EMI filters.

Many PFC configurations and topologies 
have been proposed in the literature, such 
as buck, boost, buck-boost, Sepic, Cuk and 
flyback. The most popular topology is the 
PFC boost converter, due to its relatively few 
components, simple scheme, easy control, 
high efficiency, good power factor and low 
EMI emissions. Unfortunately, boost PFC 
converters present some problems at high-
power operation, such as high current stress 
and high losses in switching devices, mainly 
related to reverse recovery of diodes. For 
these reasons, several improvements on PFC 
boost topology have been proposed in this 
last decade. Among these, Interleaved PFC 
boost converter seems to be one of the most 
promising, because it enables the sharing of 
the overall input current among several parallel 
branches. Thus, current ripple and stress are 
drastically reduced, as well as EMI issues.

[6] Y.F Liu and P.C. Sen, “A General Unified Large Signal Model For 
Current Programmed DC-to-DC Converters”, IEEE Trans. Power 
Electronics, vol. 9, no. 4, pp. 414-424.

[7] D. Maksimovic, A.M. Stankovic, V.J. Thottuvelil and G.C. 
Verghese, “Modelling and Simulation of Power Electronic 
Converters”, Proc. IEEE, vol. 89, no. 6, pp. 898-912, Jun 2001

2.3.1. Buck-Boost PFC Converter

A schematic representation of a Buck-
Boost PFC converter is depicted in Fig. 9, which 
is usefully employed in battery chargers and 
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2.3.1.1 Modelling

In accordance with the previous 
considerations, two digital signals αs and αd can 
be properly introduced, as shown in Fig. 10, 
being ᾱs and ᾱd their corresponding average 
values over the sampling time interval. In 
particular, ᾱs is the duty cycle of the switch, 
whereas 1–ᾱd represents the diode duty cycle 
with respect to the OFF period. However, αs 
and αd can be usefully replaced by other two 

Hence, the inductor current iL and the 
capacitor voltage vc are assumed as the 
state variables of the system, whereas the 
input voltage vin and the diode threshold 
voltage vd are considered as the input signals. 
Consequently, the continuous-time model of 
the Buck-Boost converter can be expressed as:

(1)

11

12

Uninterruptible Power Supplies (UPS), as well 
as for small brushless AC drives. Depending 
on the state of the switch S, it can operate in 
either the ON or the OFF state. In particular, 
during the ON state, S is closed, so the input 
source and the capacitor C supply the inductor 
L and the load respectively, the diode D being 
always reversed biased. When S is opened, the 
OFF state occurs, so the inductor L supplies 
the capacitor C and the load at the same 
time. Thus, if the inductor current is always 
greater than zero, the Buck-Boost converter 
operates in Continuous Conduction Mode 
(CCM). Otherwise, the diode turns off, leading 
to Discontinuous Conduction Mode (DCM); as 
a result, the capacitor C supplies the load, the 
inductor current being equal to zero.

digital signals, i.e. α and δ shown in Fig. 11, 
which can be expressed as:

13
13

Fig. 10.   The αs and 
αd signals (in green and 
brown respectively).

Fig. 11. The α and δ 
signals (in blue and red 
respectively)

13

12

Fig. 9. Buck-Boost PFC 
Converter.

11

(2)
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Moreover, the matrices Aαδ and Bαδ are 
defined by (4), in which rs and rd denote the 
equivalent conduction resistance of the switch 
and of the diode respectively. In addition, the 
parasitic resistances rL of the inductor and rc 
of the capacitor are also taken into account, 
r0 being the equivalent load resistance. Finally, 
the output voltage v0 can be expressed as:

where:

However, since the α and δ signals are 
always made up of rectangular shaped pulses, 
like those depicted in Fig. 11, they cannot be 
assumed constant over each sampling time 
interval, even at steady state operations. As 
a consequence, Eq. (2) does not allow the 
achievement of suitable steady state evolutions 

being x and u the state and the input vector 
respectively:

of both x and y, which are always affected by 
some ripple.

This drawback can be overcome by 
choosing the appropriate PWM pattern shown 
in Fig. 12. In such cases, it is possible to replace 
α and δ in (4) with their corresponding average 
values ( α̅  and δ̅ ), leading to

Consequently, assuming (7) in place of (2), 
the continuous time equivalent circuit shown 
in Fig. 13 is obtained. It can be noticed that 
this circuit is made up of several elements 
and controlled voltage sources, some of which 
depend on  α̅ and/or δ̅ . In particular, the two 
voltage sources υs and υd are equivalent to input 
and diode threshold voltage respectively:

Moreover, ρs , ρd and ρL are equivalent to rs, 
rd and rL respectively:

Finally, all the other elements depend on rc      
and/or r0 in accordance with:

(3)

(5)

(6)

(4)

(7)

(8)

(9)

(10)
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In particular, ρ is always negative, leading 
to a capacitor voltage possibly higher than the 
input one. In conclusion, it is worth noting that 
the continuous-time equivalent circuit enables 
appropriate ripple-free representations of 
converter quantities, which is particularly 
suitable for advanced analysis on Buck-Boost 
converter EMI issues [8]-[9].

[8] M. Aoun, M. El-Maalouf, N. Rouhana, H.Y. Kanaan and K. 
Al-Haddad, “Average Modeling and Linear Control of a Buck-
Boost KY Converter”, in Proc. 5th International Symposium on 
Communications Control and Signal Processing (ISCCSP 2012), 
Rome (Italy), May. 2-4, 2012, pp. 5.

[9] Y. Ren, W. Kang and Z. Qian, “A Novel Average Model for 
Single Switch Buck-Boost DC-Dc Converter”, in Proc. 3th Power 
Electronics and Motion Control Conference, (IPEMC 2000), 
Beijing (China), Aug. 15-18, 2000, pp. 4.

2.3.1.2 Simulation

The effectiveness of the proposed 
modelling approach is properly checked by 
means of a simulation study carried out in 
the Matlab Simulink environment. Thus, a 
Buck-Boost converter is considered, whose 
parameters values are shown in Table III. In 
addition, the switching frequency fs is set to 
80 kHz, its rated input voltage being 12 V. The 
Buck-Boost converter is driven by means of a 
suitable predictive control algorithms, which 
guarantees an optimal tracking of reference 
inductor current, over both CCM and DCM 
operating mode [10].

First of all, the simulation study refers to the 
converter start up, when a reference inductor 
current of 5.82 A is suddenly imposed with the 

TAB. III. Converter 
parameters and rated 
values.

15

15

14

16

Fig. 12. The PWM 
pulse pattern of α and δ 
signals (in blue and red 
respectively).

Fig. 13.The continuous-
time equivalent circuit of 
the Buck-Boost converter.

16

15

aim of achieving the capacitor steady state 
voltage value of 30 V, the load r0 being equal 
to its rated value (20 Ω). The state variables 
transient evolution is depicted in Figs. 14 
and 15, together with their continuous-time 
equivalent representation.
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Firstly referring to Fig. 14, it can be seen 
that iL quickly achieves its reference value in 
just four sampling time intervals. After that, 
the output voltage increases until reaching 
its reference value after about four hundreds 
sampling time intervals, as shown in Fig. 15. 
The corresponding steady state evolution is 
depicted in Fig. 16, together with the output 
voltage v0 . It can be seen that both the 
inductor current and the capacitor voltage 
well match their corresponding continuous 
equivalent quantities at the start of each 
sampling time interval. Moreover, although 
the output voltage evolution differs from the 
capacitor voltage one due to rc , they are both 
characterized by the same average value, 
which is well approximated by vC҄ .

Referring now to the case of 20% rated 
load (r0 = 100 Ω), the reference inductor 
current must be set to 1.08 A in order to 
guarantee the same steady state capacitor 
voltage of 30 V, as shown in Fig. 17. It can be 
seen that, also in this case, both the inductor 
current and the capacitor voltage well match 
their corresponding continuous equivalent 
quantities, as previously.

Finally, at 5% rated load (r0 = 400 Ω), the 
reference inductor current decreases to 0.39 A, 
the capacitor voltage still being 30 V. Referring 
to the steady state evolution depicted in Fig. 
18, it can be seen that DCM operation occurs, 
due to the very light load. However, also in this 
case, a very good matching between actual 
and continuous-time equivalent quantities 
is achieved, thus revealing the effectiveness 
of the proposed modelling approach over 
different operating conditions [11]-[12].

[12] G. Gatto, I. Marongiu, A. Perfetto, A. Serpi, “Modelling and 
Predictive Control of a Buck-Boost DC-DC Converter”, in Proc. 
20th International Symposium on Power Electronics, Electrical 
Drives, Automation and Motion (SPEEDAM 2010), Pisa (Italy), 
Jun. 14-16, 2010, pp. 1430-1435.

[11] G. Gatto, I. Marongiu, A. Perfetto, A. Serpi, I.L. Spano, 
“Modelling and Predictive Control of a Buck-Boost DC-DC 
Converter”, Journal of Energy and Power Engineering (JEPE), vol. 
6, no. 8, pp. 1276-1283, Aug. 2012.

[10] J. Chen, A. Prodic, R.W. Erickson, D. Maksimovic, “Predective 
Digital Current Program Control”, IEEE Trans. Power Electronics, 
vol. 18, no. 1, pp. 411-419, Jun. 2003.
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17

18 19

20 21

Fig. 18.   Steady state 
evolutions at rated load: 
iL (green), iL҄  (light green), 
vc (blue), v҄C  (light blue) 
and v0 (red).

21

Fig. 16.   Steady state 
evolutions at 5% rated 
load: iL (green), iL҄  (light 
green), vc (blue), v҄C  (light 
blue) and v0 (red).

Fig. 17.   Steady state 
evolution at 20% rated 
load: iL (green), iL҄   (light 
green), vc (blue), v҄C  (light 
blue) and v0 (red).

20

19

Fig. 14.  Start up 
transient evolutions at 
rated load: iL (green), iL҄ 
(light green), vc (blue) 
and  v҄C (light blue).

F i g . 1 5 . T r a n s i e n t 
evolutions at rated 
load: iL (green), i҄L (light 
green), vc (blue) and v҄C 
(light blue).

18

17
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2.3.2. PFC Boost Converter

PFC boost converter mainly consists of a 
diode bridge rectifier (R ) and a DC-DC boost 
converter, as shown in Fig. 18. In particular, 
L denote the inductor and C is the output 
capacitor, which is directly coupled to the load 
(I ). Furthermore, S and D denote the switch 
and the diode respectively, by means of which 
the input and the output stages are properly 
coupled. Consequently, boost converters are 
able to provide a constant output voltage 
higher than the input one, which is particularly 
suitable for interfacing some electrical and 
electronic devices with the power grid 
(electrical drives, lamps, energy storage 
systems, etc.) [13]-[15].

Depending on the state of the switch S , 
the boost converter can operate in either 
the ON or the OFF state. In particular, during 
the ON state, S is closed, so the input voltage 
source feeds the inductor, the diode D 
being reverse biased. As a consequence, the 
capacitor supplies the load on its own. When 
S is opened, the OFF state occurs, so the 
inductor supplies both the capacitor and the 
load at the same time. Thus, if the inductor 
current is always greater than zero, the Boost 
converter operates in Continuous Conduction 
Mode (CCM). Otherwise, if the inductor 
current becomes zero during the OFF state, 
the diode turns off, leading to Discontinuous 
Conduction Mode (DCM); as a result, the 
capacitor supplies the load, the inductor 
current being constant at zero.

2.3.2.1 Modelling

In order to account for the different 
operating states of the boost converter, the two 
digital signals α and δ are introduced, as shown 
in Fig. 19, being   and   their corresponding 
average values over the sampling time 
interval Ts. Subsequently, reference is made 
to its circuital representation depicted in 
Fig. 20. Particularly, the load is modelled by 
means of an output resistance r0 parallelized 
with a current source I0 in order to account 
for different application requirements. In 
addition, both the inductor L and the capacitor 
C are modelled by taking into account their 
corresponding parasitic resistances, which are 
denoted by rL and rC respectively. Similarly, 
both S and D are modelled accounting for their 
corresponding conduction resistances (rS and 
rD ) and voltage drops (vS and vD ). Finally, input 
voltage is assumed constant, equal to VIN; such 
an assumption is valid on condition that the 
sampling frequency fs is chosen sufficiently 
greater than input frequency, as generally 
occurs for PFC boost converter [16]-[22].

Hence, assuming the inductor current iL and 
the capacitor voltage vC as the state variables 
of the system, the continuous-time model of 
the boost converter can be expressed as 

[13] L. Rossetto, S. Buso and G. Spiazzi, “Conducted EMI Issues 

in a Boost PFC Design”, in Proc. 20th Telecommunications Energy 
Conference, (ITELEC 1998), San Francisco (USA), Oct. 04-08, 1998, 

pp. 8. 

[14] F. Yang, X. Ruan, Q. Ji, and Z. Ye, “Input Differential-Mode 
EMI of CRM Boost PFC Converer”, IEEE Trans. Power Electronics, 
vol. 28, no. 3, pp. 1177-1188, March. 2013.

[15] M.e. Meral, “Using Active Power Factor Correction (PFC) 
Boost Rectifiers for an Improved Topology of Static Series 
Compensators With no Energy Storage”, IET Power Electronics.  
vol. 5, no. 8, pp. 1438-1445, Apr. 2012.
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in which x and y denote the state and the 
output vector respectively, whereas u is the 
input vector, as

In addition, wαδ is an auxiliary input, which 
is defined as

Furthermore, the matrices Aαδ , Bαδ , Cα 
and D all depend on PFC boost converter 
parameters, as highlighted in (14).

Fig. 20. The boost 
circuital representation: 
ON (on the left), OFF-
CCM (in the middle) and 
OFF-DCM state (on the 
right).

24

Fig. 18.   An example 
of PFC boost converter.

Fig. 19.   The α and 
δ signals introduced in 
order to account for the 
different operating states 
of the boost converter.

23

22

22

23

24

(11)

(12)

(13)

(14)
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Based on (1), it is thus possible to 
determine x and y evolutions for given α and δ 
signals, they also depending on both input and 
output features (VIN, r0 and I0 ). However, α and 
δ signals are always made up of rectangular 
shaped pulses, like those depicted in Fig. 19. 
Therefore, they cannot be assumed constant 
over each sampling time interval, even at 
steady state operation. As a consequence, x 
and y evolutions provided by (11) are always 
affected by some ripple, which is inherently 
related to the discrete-time nature of boost 
converters, making (11) not particularly 
suitable for analysing EMI issues.

This drawback can be overcome by 
imposing that α and δ signals are always 
characterized by the pulse pattern depicted in 
Fig. 21; in such cases, it is possible to replace α 
and δ in (1) with their corresponding average 
values, leading to:

in which x̅ and y ̅denote the equivalent state 
and output vector respectively. As a result, on 
the basis of (15), a continuous-time equivalent 
circuit of the boost converter can be introduced, 
as shown in Fig. 22, which is made up mainly of 
variable resistors, voltage and current sources. 
In particular, the two current sources are both 
equal to the load current I0 , whereas voltage 
sources depend on input voltage and on both 
diode and switch voltage drops:

Furthermore, ρL and ρSD account for 
inductor, diode and switch conduction losses:

all the other resistances depending on both 
rC and r0 in accordance with the following 
relationships:

It is worth noting that the proposed 
equivalent circuit enables a ripple-free 
representation of x and y evolutions, over 
both transient and steady state operations. As 
a consequence, it can be usefully employed 
for highlighting the effects of each EMI 
contribution generated by boost converter 
itself [23].

[16] A. Davoudi, J. Jatskevich and T. De Rybel, “Numerical State-
Space Average-Value Modeling of PWM DC-DC Converters 
Operating in DCM and CCM”, IEEE Trans. Power Electronics, vol. 
21, no. 4, pp. 1003-1012, July. 2006.

[17] A.W.N. Husna, S.F. Siraj and M.Z. Ab Muin, “Modeling of DC-
DC Converter foe Solar Energy System Applications”, in Proc. IEEE 
Symposium Computer Informatics, (ISCI 2012), Penang (Mal), 
Mar. 18-20, 2012, pp. 5. 

[18] S.U. Seo, K.J. Lee, R.Y. Kim, D.S. Hyun, “Aggregated Modeling 
and Control of Integrated Boost-Flyback High Step-up Converter”, 
in Proc. 37th Annual Conference on IEEE Industrial Electronics 
Society (IECON 2011), Melbourne (Australia), Nov. 7-10, 2011, 
pp. 1191-1196.

(15)

(16)

(17)

(18)
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[23] L. Rossetto, S. Buso and G. Spiazzi, “Conducted EMI Issues 
in a Boost PFC Design”, in Proc. 20th Telecommunications Energy 
Conference, (ITELEC 1998), San Francisco (USA), Oct. 04-08, 1998, 
pp. 8. 

[20] S. Yang, K. Goto, Y. Imamura, M. Shoyama, “Dynamic 
Characteristics Model of Bi-Directional DC-DC Converter Using 
State-Space Averaging Method”, in Proc. 34th International 
Telecommunications Energy Conference (INTELEC), Scottsdale 
(USA), Sept. 30-Oct. 4, 2012, 5 pp

[21] O.F. Ruiz, I. Cervantes, “Averaged Modeling of Transformer-
Coupled Interleaved Boost Converters”, in Proc. 38th Annual 
Conference on IEEE Industrial Electronics Society (IECON 2012), 
Montreal (Canada), Oct. 25-28, 2012, pp. 256-261.

[22] H.Y. Kanaan, G. Sauriol, K. Al-Haddad, “Small-Signal Modelling 
and Linear Control of a High Efficiency Dual Boost Single-Phase 
Power Factor Correction Circuit”, IET Power Electronics, vol. 2, 
no. 6, pp. 665-674, Nov. 2009.

[19] C.T. Rim, G.B. Joung, G.H. Cho, “A State-Space Modeling of 
Nonideal DC-DC Converters”, in Proc. 19th Annual IEEE Power 
Electronics Specialists Conference (PESC’88), Kyoto (Japan), Apr. 
11-14, 1988, vol. 2, pp. 943-950.

2.3.2.2 Simulation

In order to verify the effectiveness of the 
proposed modelling approach, a simulation 
study is carried out by means of the Matlab 
software package. Hence, reference is made to 
the simulation set up shown in Fig. 23, which 
mainly consists of a boost converter and its 
continuous-time equivalent circuit, which 
are simulated simultaneously for comparison 
purposes.

Boost converter parameters are determined 
based on the low-power prototype depicted 
in Fig. 24, they being summed up in Table 
IV. In addition, the input voltage VIN and the 

Tab. IV. 
Boost Parametres.

25

25

26

27

load resistance r0 are set to 24 V and 20 Ω 
respectively, the switching frequency being 
100 kHz. The duty cycle of the switch is set 
constant at about 0.4, thus the   and   signals 
can be properly determined also based on 
both state and input vector values. As a result, 
the command signal of the switch can be 

Fig. 21.   The chosen 
pulse pattern for the α 
and δ signals.

Fig. 22.   The proposed 
equivalent circuit of the 
boost converter.

27

26
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29

Fig. 23.   S i m u l a t i o n 
set up.
28

Fig. 24. Prototype 
of the boost DC-DC 
converter considered for 
simulations.

29

properly synthesized in accordance with the 
PWM pattern depicted in Fig. 21.

The overall simulations results are shown 
in Fig. 25 through Fig. 27. Referring to Fig. 14, 
the load current I0 is set to 4 A at first, leading 
to an overall load current of about 6 A, which 
is about 60% of the rated load. Subsequently, 
in order to simulate abrupt load variations, 
I0 is suddenly reduced up to zero, then it is 
increased up to 8 A, leading to 20% and 100% 
rated load respectively. Still referring to Fig. 
25, it can be seen that the output voltage 
evolution is badly affected by load variations 
over transient operations mostly, the steady 
state value being about 40 V in all cases. This 
is especially due to the lack of any control 
loops, whose design and implementation 
are not considered here. As a consequence, 
the capacitor voltage and inductor current 
are both characterized by pseudo-periodical 
transient evolutions, as shown in Fig. 26 and 
Fig. 27 respectively. In particular, uncontrolled 
transitions from CCM to DCM operations and 
vice versa occur at the converter start up and 
immediately after the load drops from 60% 
to 20% the rated one. This is thus particularly 

suitable in order to verify the effectiveness of 
the proposed modelling approach. In fact, still 
referring to both Fig. 28 and Fig. 29, it can be 
seen that vc and iL are affected by some ripple, 
even at steady state operation, as expected.

This does not occur for the capacitor voltage 
and the inductor current that are synthesized 
by means of the proposed continuous-time 
equivalent circuit, as still shown from Fig. 28 
through 29. In fact, it can be seen that vc̅ and i̅L 
both provide a good ripple-free representation 
of vc and iL respectively, over both transient 
and steady state operations and whatever the 
converter operating mode is, i.e. CCM or DCM 
[24]-[25] .

This is better highlighted from Fig. 28 
through Fig. 30 which reveal an almost perfect 
matching between iL and i̅L at the start of each 
sampling time interval. This is mainly due to 
the employment of the PWM pattern depicted 
in Fig. 21, which enables an appropriate 
evolutions of iL over each sampling time 
interval. Similar considerations can be made 
regarding the capacitor voltage evolutions, 
although little mismatches between vc and 
vc̅ occur, especially at steady state operation. 

28
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Trans. Power Electron., vol. 21, no. 4, pp. 1142-1147, July 2006.
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Comparison of DC/DC Boost Converter Topologies for Fuel Cell 
Hybrid Electric Vehicle Applications”, in Proc. 14th European 
Conference on Power Electronics and Applications (EPE 2011), 
Birmingham (UK), Aug. 30-Sept. 1, 2011, 10 pp.

Fig. 27.    Overall 
simulation results: iL 
(blue) and i̅L (cyan) 
evolutions.

32

Fig. 25. Overall 
simulation results: v0 
(brown) and i0 (green) 
evolutions.

Fig. 26. Overall 
simulation results: vC 
(red) and v̅C (orange) 
evolutions.

31

30

30

31

32

However, these mismatches decrease with 
increasing load, being always quite negligible 
compared to the corresponding vc values.

In conclusion, simulations reveal the 
effectiveness of the proposed modelling 
approach, especially highlighting its usefulness 
for performing accurate and advanced EMI 
analysis.
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33

34

35

Fig. 30.   Zoomed sights 
of capacitor voltage 
and inductor current 
evolutions when the load 
rises from 20% to 100%, 
over both transient and 
steady state operation 
(on the left and on the 
right respectively): vC 
(red), v̅C (orange), iL (blue) 
and i̅L (cyan).

34

Fig. 28.   Z o o m e d 
sights of capacitor 
voltage and inductor 
current evolutions at 
60% rated load, over 
both transient and 
steady state operation 
(on the left and on the 
(right respectively): vC 
(red), v̅C (orange), iL 
(blue) and iL̅ (cyan).

Fig. 29.   Zoomed sights 
of capacitor voltage 
and inductor current 
evolutions when the load 
drops from 60% to 20%, 
over both transient and 
steady state operation 
(on the left and on the 
right respectively): vC 
(red), v̅C (orange), iL (blue) 
and i̅L (cyan).

34
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2.3.3. Experiments

Extensive experimental tests have been 
then carried out in order to highlight the most 
important advantages and drawbacks of PFC 
boost converters in terms of performances and 
EMC issues [26]-[38]. In particular, a two-phase 
Interleaved PFC Boost converter (I-PFC-B) is 
considered, which consists of an input diode-
bridge rectifier and two boost converters 
connected in parallel, as shown in Fig. 31. Such 
a configuration allows halving currents that 
flow into switches and diodes compared to 
the case of single-phase PFC boost converter. 
As a result, input and capacitor current ripple 
can be reduced significantly, as well as power 
losses, current stresses, weights and volumes 
of inductors and heat sinks.

Performance Tests have been carried out at 
first, with reference to the experimental setup 
shown in Fig. 32, I-PFC-B main details being 
summarized in Table V. In particular, I-PFC-B is 
equipped with an embedded control system, 
which has required the use of an external DC 
power supply (EA-PS 3032-20B). In addition, 
an electronic load (EA-EL 3400-25, 400 V, 400 
W) has been properly connected to the output 
terminals of the I-PFC-B. This has allowed the 
regulation of the output power from 100 W to 
300 W by 10 W steps. Input voltage and current 
waveforms have been acquired through a 
digital oscilloscope (Agilent MSOX3054A) by 
means of appropriate voltage and current 
probes (N2790A, N2791A and N2893A).

Input voltage and current evolutions 
achieved at 100 W and 300 W are depicted 
in Fig. 33. The comparison reveals that, at 
light load, I-PFC-B is unable to guarantee low 
harmonic content of the input current, leading 
to poor performances. Whereas at rated load 

36

37

38

36

37

38

Fig. 31. A two-phase 
Interleaved PFC Boost 
converter.

TABLE V. I-PFC.B 
specification.

Fig. 32. Experimental 
Setup: Performance 
Tests.
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(300 W), an acceptable input current waveform 
is achieved, resulting in lower THD and higher 
PF compared to the previous case. Particularly, 
THD and PF can be expressed respectively as:

where I1 and In denote the rms values of first 
and nth-order current harmonics, whereas 
cosφ1 is the displacement power factor. 
However, performance tests have revealed 
that input current harmonic content lies within 
the limits imposed by [39], whatever the 
output power is within 100-300 W. Referring 
now to the overall results depicted in Fig. 34, it 
can be seen that poor THD values (above 20%) 
are achieved over a wide output power range, 
they becoming acceptable (about 10%) very 
close to rated output power only. Whereas 
the I-PFC-B under test reveals a quite high PF 
(higher than 0.95) within the overall output 
power range, reaching very high values (about 
99%) at rated output power.

Still referring now to Fig. 34, it can be 
seen that the average output voltage value is 
almost constant at about 385.6 V, its reference 
value being 380 V. Considering now the output 
voltage ripple, it increases with the load (from 
0.87% to 2.03%), being, however, quite low in 
all cases. This can be computed as

where C is the output capacitance and P0 
is the output power, fline and V̅0 being line 
frequency (50 Hz) and average output voltage 
respectively.

Referring now to Fig. 35, it shows the 
evolutions of I-PFC-B efficiency and Current 
Crest Factor, which can be expressed 
respectively as

In particular, Pin denotes the input power, 
whereas Ipk and Irms are peak and rms input 
current values respectively. Thus, Fig. 35 
reveals that good efficiency values are 
achieved over all operating conditions (about 
96%). In particular, the best result is obtained 
at rated output power, where the efficiency is 
97.8%. Similar considerations can be made for 
CCF. In fact, it can be seen that its values are 
higher at low-power operation than at rated 
power, in correspondence of which they are 
closer to that of a sinusoidal-shaped current. 
Summarizing, performance tests reveal poor 
I-PFC-B performances at light loads, especially 
in terms of THD and CCF. These may be due to 
control system issues, which does not seem to 
guarantee adequate performances within the 
overall output power range.

Subsequently, EMC tests [40]-[46] have 
been carried out on the I-PFC-B inside the 
anechoic RF chamber shown in Fig. 36 (7.9m 
x 4m x 2.6m). This is made up of an outer 
casing of galvanized steel, which represents 

(19)

(20)

(21)

(23)

(22)
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39

40

41

41

40

39 Fig. 33. Evolutions of 
input voltage (blue) and 
current (red) at different 
output powers: 100W 
(on the left) and 300W 
(on the right).

Fig. 34. Evolutions of 
THD (violet), PF (green), 
average output voltage 
(red) and its ripple (blue) 
versus I-PFC-B output 
power.

Fig. 35. Evolutions of 
energy efficiency (blue) 
and CCF (green) versus 
I-PFC-B output power.41

40

39
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Fig. 36. Experimental 
environment: the 
anechoic RF chamber.

Fig. 37. Experimental 
set-up: EMC Tests.

an efficient shielding from external EMI 
sources. In addition, its walls, ground and 
ceiling are covered with appropriate materials 
(polyurethane pyramids and/or ferrite 
tiles), which scatter or absorb the incident 
electromagnetic energy, thus simulating 
the free space. As a result, EMC tests can be 
accomplished in accordance with international 
standards. In this context, EMC tests have also 
required the employment of a Line Impedance 
Stabilization Network (LISN, Schaffner NNB42) 

in order to appropriately decoupling I-PFC-B 
from the power grid. In addition, a Spectrum 
Analyzer/EMI Receiver (Rohde & Schwarz 
ESIB7) is also employed for both Conducted 
and Radiated Emission tests, whereas E-field 
and H-field probes (HAMEG HZ551 and HZ552 
respectively) have been required for Radiated 
Emission tests only.

The Conducted Emission (CE) tests have 
been carried out at first, in accordance with 
[14]. Therefore, the LISN is employed as the 
appropriate interface between I-PFC-B and 
the power grid. Furthermore, the Spectrum 
Analyzer/EMI Receiver is connected to the 
LISN in order to measure CEs generated by 
I-PFC-B, the whole being placed inside the 
anechoic RF chamber, as shown in Fig. 37. 
Several tests have been thus performed by 
increasing the I-PFC-B output power within its 
operating range (from 100 W to 300 W). For 
each test, CE measurements have been carried 
out in the frequency range from 150 kHz to 
30 MHz, whose overall results are shown in 
Fig. 38. Firstly referring to a low-frequency 
range (150-450 kHz), it can be noticed that CE 
levels frequently overcome the average limit 
threshold imposed by [47], especially at light 
load, the maximum level being about 60 dB. 
However, it is worthy of note that CE levels 
never reach the quasi-peak threshold, which 
is set to 66 dB in this frequency range. As a 
consequence, although average limit threshold 
should not be overcome, EMI issues due to 
I-PFC-B may be not very critical within this 
frequency range. Referring now to a medium-
frequency range (450 kHz-5 MHz), CE levels 
not only frequently overcome the average 
limit threshold (46 dB), but also sometimes 
exceed the quasi-peak one (56 dB). This occurs 
significantly at 500 kHz, 700 kHz, 830 kHz and 
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1.2 MHz, in correspondence of which the CE 
levels are about 61 dB. As a result, I-PFC-B may 
be considered as a NEMI, especially from 500 
kHz to 2 MHz. A very different situation occurs 
over a high-frequency range (5-30 MHz), in 
correspondence of which CE levels are rather 
below both average and quasi-peak limit 
thresholds. This reveals that I-PFC-B does not 
arise EMI issues within this frequency range.

Subsequently, Radiated Emission (RE) 
levels of I-PFC-B in terms of both electric 
and magnetic fields have been considered. 
In particular, appropriate E-field and H-field 
probes have been employed, which have been 
linked to the Spectrum Analyzer/EMI Receiver 
by means of appropriate shielded cables. 
The tests have been performed within the 
frequency range of 30-300 MHz. Experimental 
tests firstly regard E-field measurements, thus 
the HZ551 probe has been placed alternatively 
0.8 m and 0.6 m far from I-PFC-B. Thus, in 
order to determine background levels of 
E-field, this last has been measured when the 
I-PFC-B is off. Subsequently, E-field has been 
measured by varying I-PFC-B output power 
within 100-300 W, as done previously. The 
corresponding results are depicted in Fig. 39. 

Fig. 38. C o n d u c t e d 
Emission levels of I-PFC-B 
at different constant 
output power operation 
(colorbar, in W), together 
with the quasi-peak (red) 
and average (orange) 
limit thresholds imposed 
by CEI EN 55022 [14].
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It can be seen that, at 0.8 m, E-field emissions 
become significant above 80 MHz, their 
maximum level being slightly greater than 70 
dB. However, at 0.6 m, E-field emissions also 
occur below 50 MHz, all these being slightly 
higher than at 0.8 m, as expected. H-field 
emission tests have been then carried out by 
placing the HZ552 probe very close (about 
1 cm) to some I-PFC-B components, i.e. the 
input diode-bridge rectifier, an inductor, a 
switch and a diode. The corresponding results 
are depicted in Fig. 40. They refer to the same 
frequency and output power ranges employed 
for E-field measurements, i.e. 30-300 MHz and 
100-300 W respectively. Experimental results 
reveal that H-field emissions of both diode-
bridge rectifier and inductor do not seem to be 
affected by both frequency and output power 
variations. Whereas slight variations of H-field 
emissions occur on both switch and diode; 
in particular, at light load, an increase in RE 
occurs at about 200 MHz.
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Fig. 39. E - f i e l d 
Radiated Emission levels 
of I-PFC-B at 0.8 m (on 
the left) and at 0.6 m (on 
the right) for different 
output powers (colorbar, 
in W).

Fig. 40. H - f i e l d 
emissions of diode-
bridge rectifier (top-left), 
inductor (top-right), 
switch (bottom-left) and 
diode (bottom-right) at 
different I-PFC-B output 
powers (colorbar, in W).
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Fig. 1. Start up transient 
evolutions at rated load: 
iL (green), iL҄ (light green), 
vc (blue) and  v҄C (light 
blue).

F i g . 2 . T r a n s i e n t 
evolutions at rated 
load: iL (green), i҄L (light 
green), vc (blue) and v҄C 
(light blue).
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Fig. 3. Steady state 
evolutions at 5% rated 
load: iL (green), iL҄  (light 
green), vc (blue), v҄C  (light 
blue) and v0 (red).

Fig. 4. Steady state 
evolution at 20% rated 
load: iL (green), iL҄   (light 
green), vc (blue), v҄C  (light 
blue) and v0 (red).
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Fig. 6.   O v e r a l l 
simulation results: v0 
(brown) and i0 (green) 
evolutions

Fig. 5. Steady state 
evolutions at rated load: 
iL (green), iL҄  (light green), 
vc (blue), v҄C  (light blue) 
and v0 (red).
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Fig. 7.  Overall simulation 
results: vC (red) and v̅C 
(orange) evolutions

Fig. 8.   Overall simulation 
results: iL (blue) and iL̅ 
(cyan) evolutions
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Fig. 9. Zoomed sights 
of capacitor voltage 
and inductor current 
evolutions at 60% 
rated load, over both 
transient and steady 
state operation (on the 
left and on the right 
respectively): vC (red), 
v̅C (orange), iL (blue) and 
iL̅ (cyan).
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Fig. 10. Zoomed sights 
of capacitor voltage 
and inductor current 
evolutions when the load 
drops from 60% to 20%, 
over both transient and 
steady state operation 
(on the left and on the 
right respectively): vC 
(red), v̅C (orange), iL 
(blue) and iL̅ (cyan).
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Fig. 11. Zoomed sights 
of capacitor voltage 
and inductor current 
evolutions when the load 
rises from 20% to 100%, 
over both transient and 
steady state operation 
(on the left and on the 
right respectively): vC 
(red), v̅C (orange), iL 
(blue) and iL̅ (cyan).
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Fig. 12. Evolutions of 
input voltage (blue) and 
current (red) at different 
output powers: 100W.

Fig. 13. Evolutions of 
input voltage (blue) and 
current (red) at different 
output powers: 300 W 
(on the right).



66

Fig. 14. Evolutions of 
THD (violet), PF (green), 
versus I-PFC-B output 
power. 

Fig. 15. Evolutions of 
average output voltage 
(red) and its ripple (blue) 
versus I-PFC-B output 
power.
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Fig. 16. Evolutions of 
energy efficiency (blue) 
versus I-PFC-B output 
power
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Fig. 17. Conducted 
Emission levels of 
I-PFC-B at different 
constant output power 
operation (colorbar, in 
W), together with the 
quasi-peak (red) and 
average (orange) limit 
thresholds imposed by 
CEI EN 55022 [14].



69

Electromagnetic Compatibility Issues of Electrical and Electronic Devices

Fig. 18. E-field Radiated 
Emission levels of I-PFC-B 
at 0.8 m (on the left) for 
different output powers 
(colorbar, in W).

Fig. 19. E-field Radiated 
Emission levels of 
I-PFC-B at at 0.6 m (on 
the right) for different 
output powers (colorbar, 
in W).
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Fig. 20. H-field emissions 
of diode-bridge rectifier  
at different I-PFC-B 
output powers (colorbar, 
in W).

Fig. 21. H-field emissions 
of, inductor (top-right), 
switch (bottom-left) and 
diode (bottom-right) at 
different I-PFC-B output 
powers (colorbar, in W).
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Fig. 22. H-field emissions 
of, switch (bottom-left) 
at different I-PFC-B 
output powers (colorbar, 
in W).

Fig. 23. H-field emissions 
of diode-bridge rectifier 
(top-left), inductor (top-
right), switch (bottom-
left) and diode (bottom-
right) at different I-PFC-B 
output powers (colorbar, 
in W).
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3.1. Introduction

EMI sinks can be defined as those devices 
characterized by negligible emission levels 

and whose operation may be affected by 
external electromagnetic signals. Consequently, 
EMC issues of such devices consist mainly of 
their immunity and susceptibility because 
conducted and radiated emissions can be 
safely ignored.

A number of electrical and electronic 
devices can be classified as EMI sinks. Among 
these, EMI sinks in medical environments have 
a relevant importance because their failure can 
lead to losing consciousness or, even, to death. 
Immunity of such devices are particularly 
critical because they are exposed to several 
IEMI and NEMI sources. In this context, IEMI 
sources mainly consist of electronic medical 
equipment (Electro-surgery, Magnetic 
Resonance Imaging, pulsed Laser, etc.), 
information technology equipment (telemetry 
systems, computers, Wi-Fi network, RFID 
devices, mobile phones, etc.) and RF sources 
(FM radio, TV, base stations for mobile phones, 

etc.). Whereas NEMI sources are represented 
by motors, fluorescent lights, elevators, switch 
gear and switching mode power supplies 
mostly.

There are also some medical devices 
which have to be used outside medical 
environments, e.g. at home (pressure or ECG 
Holter, peritoneal dialysis equipment, etc.) or 
within the everyday environment (implantable 
medical devices). Particularly, an implantable 
medical device is fully or partially inserted 
into a human body for permanent use. It is 
supplied by its own power source (generally a 
battery), which does not exploit gravity or the 
energy produced by the human body itself. 
There are several kinds of implantable medical 
devices, such as cardiac, respiration and neuro 
stimulators, insulin and drug pumps, cochlea 
implants and other implantable monitors 
(ECG, pressure, etc.). Malfunctions of these 
devices may occur in presence of high-level 
magnetic fields within either extremely 
low frequency (ELF) or radio frequency (RF) 
ranges. Consequently, additional EMI sources 
should be taken into account in assessing 
immunity of implantable medical devices, 
like those easily present in the daily life of 
patients, such as electronic article surveillance 
(EAS) devices, metal detector devices (MDS), 
radiofrequency identification (RFID) systems 
and mobile phones. Although international 
standards provide some procedures in order 
to determine EMC sensitivity of implantable 
medical devices, it is worth noting that these 
should be improved in order to account for 
their new usage.

In this context, this chapter addresses the 
problem of EMC immunity of Implantable 
Cardiac Medical Devices (ICMDs). In particular, 
a brief overview of ICMDs is presented at first, 
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3.2. Implantable Cardiac Medical Devices 

Implantable Cardiac Medical Devices 
(ICMDs) are nowadays commonly employed 
from even a very young age, allowing more 
people to live a normal life. Therefore, it is no 
longer unusual for people wearing an ICMD 
to work in environments characterized by 
high EMI levels, such as factories, where high-
power machines and RF devices are extensively 
employed. For this reason, EMI immunity of 
ICMDs against RF signals is experiencing a 
growing attention from researcher all over the 
world, as corroborated by many papers in the 
literature [1]-[5].

Referring to Fig. 1, ICMDs can be generally 
classified as Pacemaker (PMK) and Implantable 
Cardioverter Defibrillator (ICD), both of which 
have to support the heart for ensuring normal 
heartbeat. In fact, ICMDs operation consists 
of continuously monitoring the spontaneous 
heartbeat (sensing) and eventually stimulate 
the heart as needed (pacing) by means of 
appropriate electrical signals. Particularly, 
PMKs mainly aim to prevent the bradycardia, 
i.e. a rapid decrease of the heartbeat. Whereas 

ICDs are also able to deliver a certain amount 
of energy to the heart (up to 40 J) in order to 
cut off dangerous fast arrhythmias, such as 
ventricular tachycardia, flutter and fibrillation.

The electrical coupling between ICMD 
and the heart can be performed by means 
of appropriate leads, as shown in Fig. 2. They 
consist of multiple wires, appropriately covered 
by a silicone membrane, whose tails and 
tips are connected to ICMD and heart tissue 
respectively. Different leads can be employed 

together with some details about the heart. 
Subsequently, a novel sensing test procedure 
for ICMDs is proposed in order to characterize 
their operation over different patient states 
of health. This can be also suitably employed 
for revealing ICMD sensitivity against EMI. 
In this context, an extensive experimental 
study has been carried out in an appropriate 
environment, i.e. an anechoic RF chamber, 
which guarantees the compliance of the tests 
with the international standards

Fig. 1. Examples of 
ICMDs: Pacemakers (A) 
and Implantable Cardiac 
Defibrillators (B).

Fig. 2. Implantable 
Cardiac Medica Devices 
(A), leads (B), Human 
Heart (C) .

1
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for ICMDs, i.e. unipolar and bipolar. Unipolar 
leads exploit the titanium case of the device as 
the negative electrode, whereas bipolar leads 
are quite similar to coaxial cables.

ICMDs may be exposed to EMI, especially 
through their leads, which can act as antenna 
for several external signals. Those signals are 
thus modulated and demodulated by ICMD, 
which can misinterpret them as heartbeat 
signals. Consequently, two different situations 
may occur: ICMD is not able to detect 
an abnormal heartbeat, thus no therapy 
is provided to the heart when needed. 
Alternatively, ICMD may provide inappropriate 
pacing, leading to unpredictable effects. Thus, 
EMI may cause inappropriate pacing inhibition 
and/or activation, permanent damages of the 
ICMD electronic circuitry, even a defibrillation 
shock. At the present time, the internationally 
recognized general safety standard for 
medical devices is the IEC 60601.1.2, which 
includes EMI immunity requirements against 
RF emissions. This IEC standard defines two 
classes of electrical field strength: 3 V/m and 
10 V/m. When carrying out EMI investigations 
in semi-anechoic environments, the IEC 61000-
4-3 describes the test and measurement 
techniques [6]-[15].

[5] W. Irnich, “Electronic Security Systems and Active Implantable 
Medical Devices”, Pacing Clin. Electrophysiol., vol. 25, no. 8, pp. 
1235-1258, Aug. 2002.
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3.2.1. The Heart

[14] D.M. Witters, V. Buzduga, S. Seidman, W. Kainz, J. Casamento 
and P. Ruggera, “Hand Held Metal Detector and Medical Devices: 
Measurements and Testing for Electromagnetic Compatibility”, 
in Proc. IEEE 39th International Symposium on Carnahan 
Conference Security Technology (CCST 2005), Las Palmas (Spa), 
Oct. 11-14, 2005, 3 pp. 

[15] T. Hikage, T. Nojima, A.Y. Simbaand S. Watanabe, “Numerical 
Estimation of Emi Impact on Implantable Cardiac Pacemakers 
in Elevator Using EMF Distributions Inside Human Body”, in 
Proc. IEEE 39th Antennas and Propagation Society International 
Symposium (APSURSI 2010), Toronto (Spa), July. 11-17, 2010, 4 
pp. 

The heart is a muscle located in the thorax, 
whose size is that of a closed fist. Referring 
to Fig. 3, it is made up of four chambers, i.e. 
atriums (left and right) and ventricles (right 
and left). Each atrium is connected to its 
corresponding ventricle through a valve, i.e. 
tricuspid and mitral valve for right and left pair 
respectively, as shown in Fig. 3 too. There is 
also a semilunar valve interposed between 
right ventricle and pulmonary artery, as well 
as between left ventricle and the aorta. The 
heart is enclosed into the pericardial sac, filled 
in with the pericardial fluid, which lubricates 
the outer surface of the heart during its beat.

The heart is similar to a hydraulic pump, 
able to ensure an appropriate circulation of 
both venous and arterial blood in the body. 
This is accomplished by means of suitable 
polarization and depolarization of myocardial 

cells, which have to occur in a coordinated way 
by means of appropriate diffusion of electrical 
pulses throughout the heart. In particular, 
referring to Fig. 4, a cardiac heartbeat starts 
from right atrium depolarization, which arises 
from Seno Atrial Node (NSA), which consists 
of the self-rhythmic cells known as natural 
pacemaker of the heart. The depolarization 
wave then propagates from the NSA to 
the Atrioventricular Node (NAV), another 
bunch of self-rhythmic cells located near the 
bottom of the right atrium. From NAV, the 
depolarization moves towards ventricles along 
atrioventricular bundles (AV bundles, also 

Fig. 3. An example 
of the human heart.

Fig. 4. The heart and 
its impulse propagation 
system.

pp. 1410-1418, Oct. 1996.
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called bundles of His). AV bundles are divided 
into right and left branches, both of which end 
with Purkinje fibers, which are smaller and, 
thus, able to conduct and transmit electrical 
signals very rapidly.

The electrical activity related to heartbeat is 
detectable by the Electrocardiogram (ECG), an 
example of which is shown in Fig. 5. In particular, 
magnitude and orientation of the dipoles 
during depolarization and repolarization of 
atriums and ventricles are represented by 
vectors. First of all, myocardial cells enter 
into polarization phase during the first 
refractory period, at the end of which atrium 
depolarization occurs [16]-[18]. Consequently, 
the P wave arises, which is the summation 
of the depolarization of the atrial cells that 
result in blood flowing into the ventricle. The 
P wave is made up of low frequency signals, 
with a spectrum under 10 Hz. Subsequently, 
after another refractory period, ventricle 
depolarization occurs, which is represented by 
the QRS complex that lasts about 0.1 s. During 
this stage, ventricles contract and pump blood 
though the human body, while atriums are 
relaxed. The highest signal level in the QRS 

Fig. 5. An ECG recorded 
by an external electrode: 
(a) all cardiac cells at rest, 
(b) atrial depolarization, 
(c) NAS to NAV, (d, e, f, g) 
ventricular depolarition, 
( h ) v e n t r i c u l a r 
repolarization.

Fig. 6. S c h e m a t i c 
representation of a regular 
ECG.

complex corresponds to the peak of the R 
wave, which represents the depolarization 
of all individual cells. Finally, another short 
refractory period occurs, after which ventricle 
repolarization starts. This is denoted by the T 
wave, which lasts approximatively 0.3 s.

A regular ECG is reported in Fig. 6. It is 
worth noting that QT interval depends on the 
heart rate, in particular it becomes shorter 
for increasing heartbeat frequency. Abnormal 
variations on the heartbeat are called cardiac 
arrhythmias, some of which are briefly 
described in the following.
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      3.2.1.1 Cardiac Arrythmias

Several kinds of cardiac arrhythmias may 
occur (bradycardia, tachycardia, heart block, 
atrial and/or ventricular fibrillation, etc.), each 
of which requires the assistance of the most 
suitable ICMD, i.e. PMK or ICD [17].

Bradycardia refers to an abnormal slow 
heartbeat, in particular it indicates the 
decrease of heartbeat frequency below a 
given threshold, as a shown in Fig. 7. This 
arrhythmia causes fatigue, dizziness, light-
headedness, fainting, extreme fatigue, poor 
exercise tolerance, and shortness of breath. In 
adults, bradycardia generally occurs when the 
Heart Rate (HR) is less than 60 beat per minute 
(bpm). There are three types of bradycardia, 
i.e. slight bradycardia (HR between 50 and 59 
bpm), moderate bradycardia (HR between 40 
and 49 bpm) or grave bradycardia (HR between 
30 and 39 bpm). However, these intervals are 

Fig. 7. Heartbeat signal 
during bradycardia.

Fig. 8. Heartbeat signal 
during tachycardia.

[16] C. De Capua, A. Meduri and R. Morello, “A Remote Doctor 
for Homecare and Medical Diagnoses on Cardiac Patients by an 
Adeptive ECG Analysis”, in Proc. IEEE International Workshop on 
Medical Measurements and Applications (MeMeA 2009), Cetraro 
(Italy), May 29-30, 2009, 6 pp.

[18] K. Sharmila, E.H. Krishna, N.R. Komalla and K.A. Reddy “Use 
of Higher Order Spectral Analysis for the Identification of Sudden 
Cardiac Death”, in Proc. IEEE International Workshop on Medical 
Measurements and Applications (MeMeA), Budapest (Hun), May 
18-19, 2012, pp. 4

[17] J.N. Popovic, and R. Goubran “Towards Increased Usability 
of Noisy ECG Signals in HRV-Based Classifiers”, in Proc. IEEE 
International Workshop on Medical Measurements and 
Applications (MeMeA), Lisboa (Por), May 11-12, 2014, pp. 4

subjective, they depending on age and physical 
activities of individuals. For example, normal 
heartbeat frequency of some athletes can be 
about 30 bpm.

Tachycardia is defined as an abnormal 
increase of HR, as shown in Fig. 8. Tachycardia 
threshold is generally assumed at 100 bpm in 
an adult, however it depends on the subject 
and on its state of health. 

A heart block is a disease of the heart 
electrical system, particularly it denotes a 
failure of the electrical conduction system, 
thus preventing electrical signals to reach the 
ventricles. Consequently, heart activity can 
decrease dramatically, as shown in Fig. 9. Heart 
blocks can cause dizziness, syncope (fainting), 
and palpitations.

Over atrial fibrillation, the regular electrical 
pulses generated by NAS are overcome by 
disorganized electrical pulses, as shown in Fig. 
10. As a consequence, atrial fibrillation causes 
improper and reduced blood flows through 
the heart at the beginning of the cardiac cycle, 
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leading to an irregular conduction of ventricular 
pulses that constitute the heartbeat. Atrial 
fibrillation may last for minutes to days, in 
particular it can be identified as a wave having 
a variable amplitude, duration and form. Its 
main symptoms are palpitations, fainting, 
chest pain, or congestive heart failure.

Unsynchronized electrical activity in the 
ventricles leads to a reduced or zero blood 
flow in the heart. This is the case of ventricular 
fibrillation, which appears as a particular 
wave characterized by the absence of the 
QRS complex, as shown in Fig. 11. Fibrillation 

begins when an electrical pulse stimulates the 
ventricle during the Ventricular Refractory 
Period (VRP) or during the falling edge of the 
T wave.

Fig. 9. H e a r t b e a t 
signal during heart block.

Fig. 10. H e a r t b e a t 
signal during atrial 
fibrilation.

Fig. 11.  Heartbeat 
signal during ventricular 
fibrillation.

3.2.2. Pacemaker

PMK is a sophisticated electronic device 
that performs two basic functions: it monitors 
the electrical activity of the heart and 
provides electrical stimuli to suppress any 
abnormalities of the heartbeat. This device 
thus controls the heartbeat amplitude and 
frequency and coordinates the contraction 
of the heart. The principle of operation of 
PMK may be summarized in several phases: a 
phase of "sensing", during which the device 
detects any signs of spontaneous electrical 
activity of the heart, and a phase of "pacing", 
in correspondence of which the electrical 
pulses generated by the PMK are transmitted 
to the heart muscle. PMK is programmed 
for the first time in the operating room, in 
particular the most suitable configuration 
is set and verified during surgery. Sensing 
and pacing parameters can be appropriately 
adjusted or PMKs can be also reprogrammed 
in the subsequent checkups, based on patient 
feedbacks.

[17 T. Suzuki, T. Hikage and T. Nojima, “Numerical Assessment 
Method for Implantable Cardiac Pacemaker EMI Triggered by 
10MHz-band Wireless Power Transfer Coils”, in Proc. International 
Conference of the IEEE Microw. Work. Series on RF and Wireless 
Tech. for Biomedical and Healthcare Applications (IMWS-BIO 
2013), Singapore (Argentina), Dec. 1-3, 2013, 3 pp.
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The first PMK was designed to provide a 
stimulus to the heart for patients subjected 
to severe bradycardia in order to restore 
normal heartbeat. The PMK is equipped with 
one or more leads, which are appropriately 
inserted into a vein and hooked to right 
ventricle and/or atrium by means of a 
surgical operation. PMKs used in the last 
twenty years operates in accordance with 
the "demand" algorithm; it consists of 
performing pacing therapy continuously, 
thus assuring constant frequency heartbeat. 
Modern PMKs are much more sophisticated; 
particularly, when the heart beats regularly, 
PMK monitors its activity only. Whereas 
when it detects an abnormal heartbeat, it 
starts appropriate procedures in order to 
support the spontaneous cardiac activity. 
First models of PMK were manufactured 
by means of different types of material: 
mercury is used for some parts of their 
internal circuit, while alkaline batteries were 
employed as power supplies, which are 
encapsulated in epoxy resin. These PMKs 
were characterized by a short life (about 18 
months), mainly due to the exhaustion of the 
batteries. More recent PMK instead resort to 
CMOS technology, together with improved 
batteries (Lithium-based), which ensure a 
theoretical life up to 12 years. The box of 
the pacemaker is now made up of titanium 
and the device is completely programmable 
via external telemetry. In addition, modern 
PMKs are equipped with a sophisticated 
sensing circuit in order to reduce the effects 
of any interference signals [18]-[21].

Referring to Fig. 12, modern PMK is 
basically constituted by:

• Sensing Circuit: it is the "brain" of the 
device, since it has the task of elaborating 

the cardiac signals by appropriate 
recognition algorithms, selecting the most 
appropriate pacing therapy at the same 
time. These algorithms vary depending on 
PMK manufacturer and have to convert 
the analog cardiac signal into a digital one, 
which can be successfully processed by the 
sensing circuit. In addition, amplification 
and filtering are also required due to 
different amplitude of cardiac signal. The 
filtering system is constituted by band-pass 
filters, which allow the suppression of both 
low and high frequency signals, such as 
breathing and myopotentials. The filtering 
system covers a very important role in 
reducing the effect of EMI on both pacing 
and sensing.
• Battery: it is the component that mostly 
contributes to PMK size and weight. In 
particular, referring to the PMK shown in Fig. 
12, the battery corresponds to about 25% of 
the total PMK volume. Today, almost all PMK 
batteries are Lithium-Ion, which is the most 
suitable solution in terms of size, weight and 
lifetime (about 12 years). In particular, such 
a huge lifetime indicates that the Lithium-Ion 

Fig. 12. Structure of a 
pacemaker.12

12



82

battery voltage decays slowly, thus assuring 
appropriate supply current to the PMK in 
order to preserve all its functionality. Battery 
initial voltage is about 2.78 V, it being 2.65 V 
at the end of life. When the battery voltage 
reaches 2.55 V, which corresponds to about 
95% of energy consumption, the decay forces 
the specialist staff to reliably anticipate 
replacement of the device. In some PMKs, 
the microprocessor is able to measure the 
amount of energy consumed, which helps 
to predict the time of elective replacement. 
Battery consumption is due to both the 
amount of energy consumed for pacing and 
to the current flowing at rest, which is also 
called cleaning current. Particularly, cleaning 
current is related to the amount of energy 
required by PMK operation (sensing, storing 
and recognition data, etc.), also when pacing 
is fully inhibited. First generation PMK did not 
have complex functions, such as telemetry, 
programmability and diagnostic, thus their 
cleaning current was generally quite small. 
However, their overall energy consumption 
was very high due to their continuous pacing 
activity. Whereas modern PMK incorporate 
many advanced functions (inductive and/
or RF telemetry, frequency-sensitive sensor, 
notifications, electro-grams, etc.), leading to 
significant cleaning current values. However, 
due to their selective pacing activity, they 
resort to smaller batteries, which last longer 
than first generation PMKs.

• Titanium case: the sensing circuit and 
the battery are embedded into a special resin 
and locked to a titanium enclosure of small 
size. The use of this material is because it 
is biocompatible with the human body and 
represents a good shielding against EMI.

PMKs can be classified based to the 
amount of heart chambers they can 
stimulate. Referring to Fig. 13, there are 
unicameral PMKs, which can stimulate one 
heart chamber only (right atrium or right 
ventricle) or bicameral PMKs, which can 
stimulate two chambers (right atrium and 
right ventricle). In addition, latest generation 
PMKs can also be able to stimulate three 
chambers simultaneously (right atrium and 
both ventricles).

PMK functionalities are uniquely identified 
by a five-letter code, which is introduced by 
the North American Society of Pacing and 
Electrophysiology (NASPE), together with 
British Pacing and Electrophysiology Group 
(BPEG). Particularly, the five letters refer to the 
following aspects:

• cardiac chamber stimulated (pacing);
• cardiac chamber monitored (sensing);
• response to detection (function type);
• programmable and frequency response 
(R);
• tachycardia function.
In this way, it is possible to identify the 

different types of PMKs currently available on 
the market, as shown in Tab. I.
[18] N. Elmayergi, D.S Jassal, S. Sinha and K. Liebrecht, “Sudden 
Pacemaker Failure”, Pacing Clin. Electrophysiol., vol. 32, no. 10, 
pp. e4-e6, Oct. 1996.

[19] N. Elmayergi, D.S Jassal, S. Sinha and K. Liebrecht, “Sudden 
Pacemaker Failure”, Pacing Clin. Electrophysiol., vol. 32, no. 10, 
pp. e4-e6, Oct. 1996.

[20] S. Cruciani, T. Campi, F. Maradei and M. Feliziani, “ Numerical 
Simulation of Wireless Power Transfer System to Recharge the 
Battery of an Implanted Cardiac Pacemaker“ , in Proc. IEEE 
International Symposium on Electromagnetic Compatibility 
(EMC-Europe 2014), Gothenburg (Sweden), Sept 1-4, 2014, 6 pp
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An ICD mainly consists of a pulse generator, 
a battery and appropriate input filters [22]-
[24]. Differently from PMK, it is also equipped 
with a capacitor and a discharge resistor 
in order to accumulate and deliver the 
energy required by ventricular arrhythmias 
treatments. All these components are 
enclosed into a titanium case, as shown 
in Fig. 14. Once implanted, the ICD can be 
programmed and monitored via telemetry, 

3.2.3. Implantable Cardioverter 
Defibrillator

Fig. 13. Unicameral 
and bicameral PMKs.

Fig. 14. Examples of 
ICD.

Table I. Examples of 
ICD.
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since the generator can interact with external 
tool control. Depending on heartbeat status, 
ICD can act as:

• Pacemaker, when the patient has a 
spontaneous abnormal heartbeat (e.g. 
bradycardia);
• Stimulator Antitachycardia, when it 
detects threatening and rapid arrhythmias; 
in such cases, ICD provides a very rapid 
cardiac pacing by stimulating the heart to 
a higher frequency than the arrhythmia 
itself;
• Defibrillator, either in case of potentially 
lethal arrhythmia or when antitachycardia 
pacing is ineffective; particularly, the ICD 
provides an electrical discharge (up to 
40 J) in order to reset the heart and thus 
restoring the normal heartbeat.

There are two types of ICD: the first is 
single chamber ventricular ICD, which applies 
therapies as it detects dangerous arrhythmias 
occurring on the right ventricle. Whereas 
dual chamber ICD monitor both right atrium 
and ventricle, thus it is able to detect and 
suppress more kinds of arrhythmias.

3.2.4. Leads

Leads connect PMK or ICD to the 
heart, having to guarantee appropriate 
communication over both sensing and pacing 
activities, as well as for providing electrical 
shock. Therefore, they are fundamental 
for proper operation of ICDMs. Signal 
transmission is accomplished through one or 
two electrodes, which are connected to the 
implantable device through suitable metal 
coils. These assure appropriate lead stiffness, 
as well as high impedances in order to limit 
the current flowing during stimulation, thus 
maximizing battery life of the implanted 
device.

PMK leads can be classified based on 
multiple characteristics, among which the 
shape, i.e. straight or J-curved. In particular, 
referring to Fig. 15, straight leads are used 
for hooking ventricular tissue. Whereas 
J-curved leads, as shown in Fig. 16, are more 
appropriate for being hooked to the atrial 
wall. Leads can also be equipped with helical 
or anchor tips, mainly depending on the 
heart chamber to be stimulated. Referring to 
Fig. 17, the most important lead classification 
is based on polarities. Particularly, unipolar 
leads are characterized by a single electrode 
(cathode) located at their tip, while the 
other (anode) is represented by the titanium 
case of the implantable device. Whereas, in 
bipolar leads, both anode and cathode are 
located at lead tip. Consequently, bipolar 
leads have two coaxial spirals separated by 
a layer of insulating material (polyurethane). 
Both unipolar and bipolar leads are covered 
by a tube of plastic material (polyurethane 
or silicone), as shown in Fig. 18 [25]-[28]. In 

[22] J. Katrib, P. Schmitt, I. Magne, D. Kourtiche, M. Souques and 
M. Nadi,  “ Implantable Cardioverter Defibrillators Exposed to 
Low Frequency Magnetic Fields“ , in Proc. IEEE 30th International 
Symposium on General Assembly and Scientific (URSI 2011), 
Instambul (Turkey), Aug 13-20, 2011, 4 pp

[23] J. Wang, O. Fujiwara and T. Nojima, “A Model for Predicting 
Electromagnetic Interference of Implanted Cardiac Pacemaker by 
Mobile Telephones”, IEEE Trans. Microw. Theory Tech., vol. 48, 
no. 11, pp. 2121-2125, Nov. 2000.

[24] T. Okumura, K. Kojima, “Effects of Electromagnetic 
Interferences on Implantable Cardiac Pacemakers”, in Proc. IEEE 
2nd Global Conference on Consumer Electronics (GCCE 2013), 
Tokyo (Japan), Oct. 1-4, 2013, pp 59-62
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case of unipolar leads, the anode-cathode 
loop is quite huge (about 225 cm²) because 
the closing path consist of the tissue 
interposed between the two electrodes, as 
shown in Fig. 19. In contrast, bipolar leads are 
characterized by much smaller loops (about 
15-20 times less), both anode and cathode 
being placed within the heart, spaced 2-3 cm 
to each other. Consequently, unipolar leads 
are subjected to significant interference from 
skeletal muscle, as well as to EMI. However, 
the use of bipolar leads is not always possible 
due to their excessive outer diameter. In 

Fig. 15. Straight leads

Fig. 16. J-curved leads.

Fig. 17. Unipolar and 
bipolar leads.

Fig. 19. Location of 
electrodes for bipolar 
(on the left) and unipolar 
leads (on the rigth).

Fig. 18. Unipolar and 
bipolar leads.
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addition, clinical experience reveals that 
bipolar leads are characterized by a higher 
replacement rates.

Similar to PMK leads, ICD ones have a 
coaxial or multi-winding structure, as shown 
in Fig. 18. Coaxial structure is characterized 
by spiral conductors, each of which is 
covered by its own insulating layer. A spindle 
is also inserted for hooking the lead tip to the 
heart chamber. The main difference between 
PMK and ICD leads consists of the increased 
number of electrodes of the latter, which 
also have to provide electrical shock through 
appropriate shocking coils, as shown in Fig. 
20.

[25] S. Hille, K.F. Eichhorn, K.H. Gonschorek, “Numerical and 
Metrological Investigations for Pacemakers with Unipolar en 
Bipolar Electrodes in Electric and Magnetic Fields”, in Proc. IEEE 
International Symposium on Electromagnetic Compatibility (EMC 
2011), Rome (Italy), Aug. 14-19, 2011, pp 740-745.

[26] S. Hille, K.F. Eichhorn, K.H. Gonschorek, “Interference 
Voltage and Interference Threshold in Pacemaker with Unipolar 
and Bipolar Electrodes”, in Proc. IEEE International Symposium 
on Electromagnetic Compatibility (EMC 2009), Austin (USA), Aug. 
17-21, 2009, pp 147-152.

[27] T. Toyoshima, “Pratical method to evaluate electromagnetic 
Interference in Active Implantable Medical Devices”, in Proc. 

[28] S. Schenke, F. Sabath, F. Sutter, M. Clemens and S. 
Dickmann, “Electromagnetic Interference Coupling into Cardiac 
Pacemaker Electrodes”, in Proc. IEEE International Symposium 
on Electromagnetic Compatibility (EMC-Europe 2008), Hamburg 
(Germany), Sept 8-12, 2008, 5 pp

IEEE International Microwave Workshop Series on Innovative 
Wireless Power Transmission: Technologies Systems and 
Applications (IMWS 2011), Uji, Kyoto (Jap), May. 12-13, 2013, pp 
4.

Fig. 20. An example 
of ICD leads.

The detection of heartbeat is a basic 
requirement for an implantable cardiac device, 
such as PMK or ICD. Particularly, referring to 
Fig. 21, refractory and vulnerable periods must 
be detected accurately, otherwise unsuitable 
therapies could be provided, which may cause 
severe arrhythmias in different parts of the 
heart [29]-[30].

Referring to Fig. 22, atrial and ventricular 
sensing must be considered separately, they 
being both based on an appropriate set of their 
corresponding sensing threshold. Particularly, 
proper ventricular sensing occurs when only 
the R wave is detected, whereas atrial sensing 
requires the detection of the P wave only. The 
sensing circuit must thus detect, amplify, filter 
and rectify the heartbeat signals so that P and 
R waves are readily recognizable, avoiding 
misunderstandings. These last may be due to 
several reasons, among which myopotentials, T 
wave variations, crosstalk between atrium and 
ventricle, atrial stimuli effects on ventricular 
channel and EMI. In this context, a very 
important role is covered by the low pass filter, 
which must suppress signals with frequency 
below 20 Hz and above 100 Hz, such as those 

3.3. The Sensing
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of T wave potential variations (<20 Hz) and of 
myopotential (> 100 Hz).

Sensing tuning procedure is performed 
immediately after the lead is hooked to 
the heart. In particular, sensing threshold 
depends on lead type and hooking, it may 
also vary from patient to patient. In the case 
of unipolar lead, the anode is located in the 
tip, whereas the cathode is the case of the 
device, as above-mentioned. Consequently, 
sensing threshold is set at a high value in 
order to make sensing procedure unaffected 
by spurious signals. However, bipolar leads 
are highly recommended, both anode and 
cathode being placed in the lead tip. As a 
consequence, more information can be sent 
to the implanted device, which can also be 
transmitted and acquired more safely, thus 
opposing to antitachycardia more effectively. 
Another important difference between the two 
types of lead is hooking; unipolar leads suffer 
from inflammation in the wall of the heart 
chamber (atrium or ventricle), causing a period 
over which the measurements are staggered. 
Whereas bipolar leads are characterized by a 
floating node (anode), thus ensuring a highly 
accurate detection of cardiac signals.

Sensing thresholds are different for PMKs 
and ICDs, they ranging within 1.5-2.0 mV 
for PMKs. Whereas ICD values are much 
smaller (0.3-0.5 mV) because ICDs must 
extinguish cardiac arrhythmias rapidly, such as 
tachycardia and fibrillation. Consequently, low 
sensing thresholds assure a good detection 
of both P and R waves, as well as ventricular 
tachycardia, atrial and ventricular fibrillation.

In spite of the employment of appropriate 
filtering system and recognition algorithms, 
misunderstandings still occur, leading to wrong 
actions provided by the implanted device. 

In this context, undersensing occurs when 
detection of P or R wave is missed, as shown 
in Fig. 23. Particularly, atrial undersensing can 
cause stimulation in the vulnerable period, as 
well as prevent atrium contraction, leading to 
atrial or ventricular fibrillation respectively. 
Ventricular undersensing may occur due to 
wrong placement of lead tip, i.e. far from NAV, 
which significantly reduce R wave detection 
capability. Consequently, unsuitable pacing is 
provided, which may leads to dangerous and 
sometimes fatal arrhythmias.

Differently from undersensing, oversensing 
means that additional waves are detected, 
as shown in Fig. 24. Particularly, the device 
misinterprets spurious signals as threatening 
arrhythmias, consequently it inappropriately 
starts pacing activity or, in case of ICD, it may 
also provide a defibrillation shock. In such cases, 
the patient can experience a permanent heart 
block or device inhibition. Atrial oversensing is 
the most critical because the amplitude of the P 
wave is quite smaller than R wave. This requires 
an accurate placement of the ventricular lead, 
which should be quite far from the atrial one 

Fig. 21. R e f r a c t o r y 
and vulnerable periods.
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Fig. 22. P r o p e r 
sensing: ventricular (on 
the left) and atrial (on 
the right).

Fig. 23. Undersensing: 
ventricular (on the left) 
and atrial (on the right).

Fig. 24. Oversensing: 
ventricular (on the left) 
and atrial (on the right).
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in order to avoid unsuitable crosstalk effects. 
However, atrial oversensing may be also caused 
by myopotentials and other spurious body 
signals, such as those produces by contracting 
the two hands together or by coughing. In such 
cases, unipolar leads should be not employed, 
especially for patients with atrial arrhythmias. 
Atrial oversensing causes uncoordinated 
stimulation in some programming mode (AAI, 
DDI), fast and irregular heartbeat, and even 
atrial fibrillation. Ventricular oversensing is 
due mainly to myopotentials, T-wave detection 
and EMI, leading to device inhibition.

The Sensitivity Test is defined by CEI EN 
45502-2-1 [31] and consists of measuring 
the sensing threshold of implantable cardiac 
medical devices. It thus must be performed in 
accordance with the setup shown in Fig. 25, 
which is made up mainly of

• a Pulse Generator, i.e. the device under 
test;
• a Test Signal Generator (output impedance 
≤ 1 kΩ), which has to emulate the human 
heartbeat;
• an impedance RF in order to guarantee 
an appropriate coupling between the two 
generators;
• an impedance RL for reproducing the 
cardiac tissue interposed between the lead 
electrodes;
• a digital Oscilloscope in order to monitor 
the output waveforms.

[29] M. Fernàndez-Chimento and F. Silva, “Mobile Phone 
Electromagnetic Interference in Medical Environments”, in Proc. 
IEEE International Symposium on Electromagnetic Compatibility 
(EMC 2010), Fort Lauderdale (USA), July 25-30, 2010, 6 pp

[30] A. Krivoshei, M. Min, T. Parve, and A. Ronk, “An Adaptive 
Filtering System for Separation of Cardiac and Respiratory 
Components of Bioimpedance Signal”, in Proc. IEEE International 
Workshop on Medical Measurements and Applications (MeMeA 
2006), Benevento (Italy), April 20-21, 2006, 5 pp.

3.3. 1. The Sensitivity Test

Fig. 25. S c h e m a t i c 
representation of 
the Sensitivity Test in 
accordance with [31].
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Referring to (2), K denotes an appropriate 
scaling factor, π being the pacing status; in 
particular, π = 0 means that pacing is consistently 
suppressed, on the contrary π = 1. The above-
mentioned procedure shall be repeated 
starting from the same initial condition, but 
slowly decreasing a. Consequently, as soon as 
pacing is consistently suppressed, the negative 
sensing threshold σ(–) is achieved as

Each device must pass the Sensitivity Test 
provided by [31] before it can be implanted. 
It means that both positive and negative 
sensing thresholds of the device must match 

In addition, the human heartbeat has 
to be emulated by a triangular wave, whose 
pulse width (T) has to be set to 15 ms, the 
leading edge (t ) being equal to 2 ms, as shown 
in Fig. 26. The Sensitivity Test also requires 
a preliminary setting of both heartbeat 
amplitude and frequency, which are denoted 
by a and f respectively. In particular, a shall be 
set to zero, whereas f must be chosen in order 
to guarantee a period of the heartbeat signal 
at least 50 ms less than the basic pulse interval 
of the device under test (Tb ). It is worth noting 
that, over such a starting condition, pacing 
always occurs due to the lack of heartbeat.

Sensitivity Test can be thus started and 
carried on by slowly increasing a until pacing 
shall be consistently suppressed, leading to 
identify the positive sensing threshold σ(+) 

More specifically, RF and RL must be 
chosen in accordance with the following 
relationships:

Fig. 26. The  equivalent 
heartbeat signal required 
by [31].

RL= 500 Ω ± 1%
RF= 100 kΩ ± 1%

as follow:

In conclusion, it is worth noting that the 
ICMD under test must be programmed in either 
VVI or AAI in accordance with international 
standards [31].
[31] “Active implantable medical devices – Part 2 Particular 
requirements for active implantable medical devices intended to 
treat bradyarrhythmia (cardiac pacemakers)” CEI EN 45502-2-1, 
2005.

3.3.2. Proposed Automatic Sensing 
TestcProcedure
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those achieved by the above-mentioned test. 
However, Sensitivity Test should be performed 
for a single value of the heartbeat frequency 
only. Consequently, it is not able to guarantee 
an extensive sensing performance evaluation, 
especially for different patient states of 
health.

For this reason, an automatic sensing 
test procedure has been suggested, which 
aims to better characterized implantable 
cardiac medical devices in terms of sensing 
performances. It thus consists of performing the 
Sensitivity Test recursively, in correspondence 
of different f values, thus emulating different 
patient states of health. The flow chart of 
the proposed procedure is depicted in Fig. 
27. In particular, starting from an appropriate 
heartbeat frequency (fmin), the Sensitivity 
Test is performed at first by applying positive 
polarity signals until σ(+) is achieved. Negative 
polarity signals are then applied, leading 
to determine σ(–). Subsequently, heartbeat 
frequency is increased and another Sensitivity 
Test is accomplished; this recursive procedure 
is carried on until fmax is reached. As a result, 
σ(+) and σ(–) can be achieved as a function of f 
within [fmin,fmax] and, thus, of different patient 
states of health. This means that a more 
detailed sensing performance evaluation is 
achieved compared to that obtained by means 
of one Sensitivity Test only.

Fig. 27. Flow chart of 
the proposed Sensing 
Test procedure.

[32] E. Piuzzi, S. Pisa, L. Podesta, S. Sangiovanni, “A DAQ-based 
virtual instrument for trans-thoracic impedance investigations”, 
in Proc. IEEE International Workshop on Medical Measurements 
and Applications (MeMeA), Bari (Italy), May 30-31, 2011, pp. 
646-651

3.3.3. Experimental Setup

The proposed Automatic Sensing Test 
procedure has been validated through several 
experimental tests, which are carried out with 
reference to the setup shown in Fig. 28. It 
consists mainly of an ICD, a Multifunction DAQ 
board (NI 6211) and a notebook. In particular, 
the ICD under test is placed inside a Human 

28

28
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Body Model, which is appropriately designed 
and manufactured in order to emulate the 
realistic ICD operating environment as well as 
possible.

The proposed testing procedure is carried 
out inside an anechoic RF chamber (7.9m x 
4m x 2.6m), a sight of which is shown in Fig. 
29. In particular, it is a shielded room whose 
walls, ground and ceiling are covered with 
appropriate materials (polyurethane pyramids 
and/or ferrite tiles). These scatter or absorb 
the incident electromagnetic energy, thus 
simulating the free space. In addition, the 
anechoic RF chamber is made up of an outer 
casing of galvanized steel, which represents an 
efficient shielding from external EMI.

Fig. 28. Experimental 
Setup.

Fig. 29. The anechoic 
RF chamber.

3.3.3.1. DAQ Board

The NI 6211 has 16 bit input and output 
channels, and sample rates up to 250 kSa/s. 
The notebook hosts the Virtual Instrument 
(VI) developed in the Labview environment in 
order to implement the proposed procedure. 
The VI has been designed in accordance with 
Fig. 26 and configured in accordance with Table 
II. The NI 6211 is used to acquire pacing signals 
provided by the ICD and to emulate the human 
heartbeat simultaneously. These operations 
are both controlled by the VI and performed 
through appropriate analog input and output 
channels respectively. In particular, a sample 
rate equal to 1 kSa/s and voltage ranges of ±5 
V have been considered.

TABLE II. Parameters 
of the automatic sensing 
test procedure.

3.3.3.2. Human Body Model

The proposed testing procedure have 
required an emulator of the human body in 
order to reproduce the realistic ICD operating 
conditions as well as possible. Such supporting 
structure, which can be defined Human Body 
Model or Torso Simulator, has been accurately 
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designed and manufactured, as shown in both 
Fig. 30 and Fig. 31. In particular, it consists in 
a box (45 cm x 3 cm x 45 cm) made up of a 
transparent radio wave material (Plexiglas), 
inside which two hollow cylinders have been 
appropriately introduced in order to emulate 
the cardiac chambers. These have been fixed 
to the rear wall of the box, in correspondence 
of an appropriate circular window, which can 
be eventually removed as needed. Finally, 
two BNC plugs are properly inserted into the 
circular window in correspondence of the 
cylinder bases in order to acquire and inject the 
electrical signals through the lead electrodes.

Thus, the ICD is placed inside the box by 
means of appropriate holders in order to 
reproduce the real distances between the 
device and the cardiac chambers. In addition, 
each lead tip is placed inside the corresponding 
cylinder through a small hole, its electrodes 

being connected to the BNC plug by means 
of shielded bipolar wires. Then, the Human 
Body Model is filled with an appropriate saline 
solution, whose physiological characteristics 
are very similar to human tissues (NaCl + H20, 
1.8%).

[34] J.R. Stachel, E. Sejdić, A. Ogirala, M.H. Mickle, “The Impact 
of the Internet of Things on Implanted Medical Devices Including 
Pacemakers, and ICDs”, in Proc IEEE International Instrumentation 
and Measurement Technology Conference (I2MTC 2013), 
Minneapolis (USA), May 6-9, 2013, pp. 839-844.

[35] T. Suzuki, T. Hikage and T. Nojima, “Numerical Assessment 
Method for Implantable Cardiac Pacemaker EMI Triggered by 
10MHz-band Wireless Power Transfer Coils”, in Proc. International 
Conference of the IEEE Microw. Work. Series on RF and Wireless 
Tech. for Biomedical and Healthcare Applications (IMWS-BIO 
2013), Singapore (Argentina), Dec. 1-3, 2013, 3 pp.

32 33
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Fig. 30. Design of the 
Human Body Model.

Fig. 31. Human Body 
Model.
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3.3.3.3. Experimental Results

Experiments consist of one-hundred tests, 
each of which has been performed in about 
one hour in accordance with the flow chart 
shown in Fig. 27. Such execution time is mainly 
due to the several idle periods necessary 
to determine if the ICD pacing is or is not 
consistently suppressed. The experimental 
results are depicted in Fig. 32 and Fig. 33, 
which refer to positive and negative polarity 
tests respectively. Experimental results are 
also summarized in Table III, which shows 
both average sensing thresholds and the 
corresponding standard deviations (Δ). 

Thus, firstly referring to Fig. 32 and Fig. Fig. 
33, it can be seen that both positive and negative 
sensing thresholds of the ICD under test are 
about 12 mV, they being quite specular to each 
other. In addition, they are quite constant with 
heartbeat frequency, meaning that ICD pacing 
depends on heartbeat amplitude mostly. As 
a result, it can be stated that ICD works as 
expected over a wide operating range.

[36] K. Saito, R. Watanabe, Y. Endo, S. Watanabe, M. Takahashi 
and K. Ido, “Evaluations on SAR Around Implanted Cardiac 
Pacemaker by Mobile Radio Terminal ”, in Proc. 5th European 

[37] R. Watanabe, K. Saito, S. Watanabe, M. Takahashi and K. 
Ido, “SAR Evaluations of Mobile Phone Close to Paccemaker 
Implanted in Human Body”, Annual International Conference 
of the IEEE Engineering in Medicine and Biology Society (EMBC 
2010), Buenoa Aires (Argentina), Aug. 31-Sept. 4, 2010, 4 pp. 

[38] J. Wang, O. Fujiwara and T. Nojima, “ A Model for Predicting 
Electromagnetic Interference of Implanted Cardiac Pacemakers by 
Mobile Telephones”, IEEE Trans. Microw. Theory and Techniques, 
vol. 48, no. 11, pp. 2121-2125, Nov. 2000.

[35] W. Irnich, “Electronic Security Systems and Active Implantable 
Medical Devices”, Pacing Clin. Electrophysiol., vol. 25, no. 8, pp. 
1235-1258, Aug. 2002.

TABLE III.  Experimental 
results.

Fig. 32. Experimental 
results: positive sensing 
thresholds. 

Fig. 33. Experimental 
results:  negative sensing 
thresholds.
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3.4. EMC Tests

EMI can affect sensing performance 
of implantable cardiac medical devices, 
particularly electromagnetic fields can prevent 
the detection of P and/or R waves, they may 
also leading to false positives. In addition, 
EMI can also cause errors in interrogation 
and telemetry, allocation of memory data and 
device programming. In most cases, EMI is 
due to radiated electromagnetic fields, which 
can come from either NEMI or IEMI and which 
concatenate with the lead loop. Consequently, 
the use of unipolar or bipolar leads plays a 
fundamental role in order to mitigate EMI 
effects.

In order to analyse EMC immunity of an 
ICD versus IEMI, an extensive experimental 
study has been carried out in the RF anechoic 
chamber. In particular, the sensing thresholds of 
the ICD under test are appropriately monitored 

while the device is radiated with different 
IEMIs. These are emulated appropriately by 
an antenna, which provides EMI signals in 
accordance with [39]. The experimental study 
has also regarded a real IEMI, i.e. an RFID 
device used for the traceability of the blood.

3.4.1. Experimental Setup

Fig. 34. Experimental 
setups: case A (on the left) 
and case B (on the rigth).

Experiments have been carried out in 
accordance with the experimental setup 
shown in Fig. 34. In particular, firstly focusing 
on case A, the Human Body Model is placed 
on to a wooden table inside the anechoic RF 
chamber, resulting in being 0.80 m above the 
ground floor. Then, a Log Periodic Antenna 
(Schaffner CBL6143) is properly aligned with 
the emulated cardiac chambers and placed 
3 m far from the front surface of the Human 

[39] “Active Implantable Medical Device – Electromagnetic 
Compatibility – EMC Test Protocols for Implantable Cardiac 
Pacemakers and Implantable Defibrillators”, AAMI Standard 
PC69, 2007.
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Body Model. Both the Log Periodic Antenna and 
the Human Body Model are linked to external 
instrumentations by means of appropriate 
shielding cables. In particular, the Log Periodic 
Antenna is linked to the EMI signal generator 
(Rohde & Schwarz SML03) by means of a 
directional coupler and an amplifier (Schaffner 
CBA9433) [40]. The directional coupler also 
allows the connection between the Log 
Periodic Antenna and a power meter (Rohde & 
Schwarz NRVD) in order to monitor the power 
level of EMI signals. Differently, in case B, an 
RFID reader is placed on to the wooden table, 
15 cm far from the front surface of the Human 
Body Model. In both experimental tests, the 
Human Body Model is directly connected to 
the Multifunction DAQ board (NI 6211), which 
provides the heartbeat signal and acquire ICD 
pacing pulses at the same time. These data are 
accurately elaborated in order to identify σ(+) 
and σ(–) automatically. 

3.4.2. Experimental Result: Case A

The tests firstly regard the case of no EMI, 
i.e. the Log Periodic Antenna does not generate 
any noise signal [41]-[46]. This is done in order 
to achieve the reference sensing thresholds, 
which are fundamental for the subsequent 
tests in order to reveal EMI effects on ICD 
operation. Experimental results achieved 
over both AAI and VVI are depicted in Fig. 35 
and Fig. 36 respectively [47]. Although the 
heartbeat frequency has been varied within 
66-174 bpm, it can be seen that σ̅ (+) and σ̅ (–) 
are almost constant at about 9 mV over AAI, 
whereas they are equals to about 12 mV 

over VVI. In both cases, σ̅ (+) and σ̅ (–) are quite 
specular to each other, standard deviations 
being also quite low.

Subsequently, the tests have been 
performed with a controlled EMI source, 
i.e. the Log Periodic Antenna generates an 
RF AM signal (80%), whose frequency has 
been chosen in conformity with ANSI/AAMI 
PC69:2007 standard [39]. This last provides 
specific frequency values for EMC testing of 
ICDs. The corresponding experimental results 
are shown from Fig. 37 to Fig. 40, which 
refer to both Horizontal Polarization (HP) and 
Vertical Polarization (VP) of the Log Periodic 
Antenna. The results are also summarized by 
appropriate tables, which are reported at the 
end of this chapter.

Firstly focusing on Fig. 37 and Fig. 38, it 
can been that small reductions of σ̅ (+) and 
specular small increments of σ̅ (–) occurs over 
AAI due to EMI. This means that ICD pacing 
ends prematurely, thus its support action 
to the heart is shortened. In addition, it is 
also worthy of note that the ICD operating 
characteristic seems to be marginally affected 
by the heartbeat frequency. Considering now 
the results achieved over VVI (Fig. 39 and Fig. 
40), an extension of the pacing region occurs. In 
particular, the results reveal small increments 
of σ̅ (+) and specular reductions of σ̅ (-), i.e. the 
opposite of that occurring over AAI. It means 
that ICD supports the heart also when it is 
not needed. In addition, it can be seen that, 
over VVI, peaks on both σ̅ (+) and σ̅ (–) occur at 
120 bpm, which is the threshold frequency of 
tachycardia.
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Fig. 35. The average 
ICD sensing thresholds 
(σ̅0

(+) and σ̅0
(–)) and 

standard deviations 
(band) over AAI (no EMI).

Fig. 36. The average 
ICD sensing thresholds 
(σ̅0

(+) and σ̅0
(–)) and 

standard deviations 
(band) over VVI (no EMI).

Fig. 37. A v e r a g e 
sensing thresholds σ̅ (+) in 
presence of EMI (HP, left 
and VP rigth) over AAI, 
together with standard 
deviation bands in 
absence of EMI.
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Fig. 38. A v e r a g e 
sensing thresholds σ̅  (–) in 
presence of EMI (HP, left 
and VP rigth) over AAI, 
together with standard 
deviation bands in 
absence of EMI.

Fig. 39. A v e r a g e 
sensing thresholds σ̅  (+) in 
presence of EMI (HP, left 
and VP rigth) over VVI, 
together with standard 
deviation bands in 
absence of EMI.

Fig. 40. Average sensing 
thresholds σ̅  (–) in presence 
of EMI (HP, left and VP 
rigth) over VVI, together 
with standard deviation 
bands in absence of EMI.
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3.4.3. Experimental Result: Case B

Experimental tests have been then 
performed in order to verify the effects of 
RFID reader emissions on ICD operation [48]-
[51]. Experiments concern the achievement of 
the reference ICD sensing thresholds at first, 
over both AAI and VVI [52]. Subsequently, 
RFID reader was turned on, the corresponding 
results being reported in Fig. 41 and Fig. 42. 
They reveal a slight extension of the ICD pacing 
region in both cases, which partially agree with 
the results achieved in case A. Particularly, 
over AAI, an opposite EMI effect is detected, 
which may be due to different EMI signal 
characteristic, as well as very short distance of 
the RFID reader to the ICD.
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Fig. 41. Average ICD 
sensing thresholds over 
AAI mode, when the 
RFID reader is off (σ̅OFF

(+) 
and σ̅OFF

(⁻ )) or on (σ̅ON
(+)

and σ̅ON
(⁻ ) ).    

Fig. 42. Average ICD 
sensing thresholds over 
VVI mode, when the 
RFID reader is off (σ̅OFF

(+) 
and σ̅OFF

(⁻ ) ) or on (σ̅ON
(+)

and σ̅ON
(⁻ ) ).
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Fig. 1. Experimental 
results: positive sensing 
thresholds. 

F i g . 2 . E x p e r i m e n t a l 
results:  negative sensing 
thresholds.



103

Electromagnetic Compatibility Issues of Electrical and Electronic Devices

66 84 102 120 138 156 174

0

2

4

6

8

10

12

f [bpm]

A
 [m

V
]

 

 

band
σ

0
+

66 84 102 120 138 156 174

-12

-10

-8

-6

-4

-2

0

f [bpm]

A
 [m

V
]

 

 

band
σ

0
-

Fig. 3. The average ICD 
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(+) 

and σ̅0
(–)) and standard 

deviations (band) over 
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Fig. 5. Average sensing 
thresholds σ̅ (+) in presence 
of EMI (HP, left and VP 
rigth) over AAI, together 
with standard deviation 
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rigth) over AAI, together 
with standard deviation 
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Fig. 7. Average sensing 
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of EMI (HP, left and VP 
rigth) over VVI, together 
with standard deviation 
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TABLE 1.  Experimental results (positive ICD average thresholda) of the AAI mode.

TABLE 2.  Experimental results (negative ICD average thresholda) of the AAI mode.
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TABLE 3.  Experimental results (positive ICD average thresholda) of the VVI mode.

TABLE 4.  Experimental results (negative ICD average thresholda) of the VVI mode.
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TABLE 5.  Experimental results (negative ICD average thresholds) of the AAI and VVI mode

TABLE 4.  Experimental results (positive ICD average thresholds) of the AAI and VVI mode
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Conclusions
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This PhD dissertation have addressed 
Electromagnetic Compatibility (EMC) issues 

of electrical and electronic devices. In particular, 
their behaviour as both Electromagnetic 
Interference (EMI) sources and sinks have 
been considered and discussed.

In Part_02, the attention has been focused 
on RFID devices and, especially, on AC/DC 
power electronic converters. Particularly, 
equivalent continuous-time circuits have been 
developed as suitable tools for investigating 
EMC issues of such devices. In addition, 
extensive simulation and experimental tests 
have been performed, which have shown 
potential EMC issues in terms of both Radiated 
and Conducted Emissions, especially within 
some frequency ranges.

Whereas in Part_03 the research activity 
has regarded susceptibility/immunity of an 
Implantable Cardioverter Defibrillator (ICD) 
against Radiated Emissions. In this context, 
the attention has been focused on the sensing 
performance of the device, which may be 
impaired by EMI. Such functionality must be 
strictly preserved in order to prevent severe 
malfunctions, which may lead even to death. 
Thus, an appropriate automatic sensing test 
procedure has been developed in order to 
achieve a better EMC characterization of 
the device compared to those obtainable by 
international standards. Experimental results 
have corroborated the effectiveness of the 
proposed procedure, also highlighting a certain 
level of ICD susceptibility against EMI.

In conclusion, it can be stated that 

Electromagnetic Compatibility still represents 
a relatively young branch of science, thus 
much more effort must be done in order to 
increase its consideration, especially in normal 
people. In addition, in spite of several national 
and international standards, EMC still suffers 
from a regulatory gap, especially regarding 
medical devices.
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Acronyms

AC
AM
CCF
CCM
CE
CS
DCM
EAS
ECG
ELF
EMC
EMI
ERP
ESD
ICD
ICMD
IEMI
HF
HP
HR
LF
LISN
NAV
NSA
NEMI
MDS
PCB
PF
PFC
PMK
PWM
RE
RF
RFID
RS
THD

Alternative Current
Amplitude Modulation
Current Crest Factor
Continuous Conduction Mode
Conducted Emission
Conducted Susceptivity
Discontinuous Conduction Mode
Electronic Article Surveillance
Electrocardiogram
Extremely Low Frequency
Electromagnetic Compatibility
Electromagnetic Interference
Effective Radiated Power
Eletrostatic Discharge
Implantable Cardioverter Defibrillator
Implantable Cardiac Medical Device
Intentional Electromagnetic Interference
High Frequency
Horizontal Polarization
Heart Rate
Low Frequency
Line Impedance Stabilization Network
Atrioventricular Node
Seno Atrial Node
Non-intentional Electromagnetic Interference
Metal Detector Devices
Printed Circuit Board
Power Factor,
Power Factor Correction
Pacemaker
Pulse Width Modulation
Radiated Emission
Radio Frequency
Radio Frequency Identification
Radiated Susceptibility
Total Harmonic Distortion
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Acronyms

UHF
UPS
VP
VRP

Ultra-High-Frequency
Uninterruptible Power Supplies 
Vertical Polarization
Ventricular Refractory Period






