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1. Introduction

The purpose of an EM shield is to prevent undesired electromagnetic coupling between an
EM source and a susceptible EM device. The mechanism of electromagnetic coupling is by
radiation, inductive and capacitive coupling. The radiation of energy by electromagnetic
waves characterizes the EM coupling in the far field region, while inductive (or low-
impedance) and capacitive (or high-impedance) couplings are the driving mechanism of
coupling in the near field region. In all the cases, a complete analysis of the shielding
performances of an EM shield should require a full-wave solution of the electromagnetic
problem. This means to solve a classical eddy current problem and in presence of
magnetically permeable materials the analysis shall combine the Maxwell’s equations with
the magnetic properties of the shield.

Numerous studies of shielding problems can be found in the literature showing how this topic
has been the subject of great interest to the scientific community for many years (Moser; 1988;
Schelkunoff; 1943; Schulz et al.; 1988). Several analytical and numerical techniques have been
developed during the years especially with the advent and proliferation of the electronic
devices.

Different materials with a wide range of electrical and magnetic properties are used for
shielding applications. As a matter of fact, an accurate knowledge of the electromagnetic
properties of the material is an important task for a correct modeling and design phase.
Further, shields have different shapes and contain apertures and all these parameters influence
the shielding effectiveness, thus the electromagnetic susceptibility of the combined shield-
electronic equipment system.

In a first part, this chapter reports on basic aspects of the shielding theory and standard
measurement methods of shielding effectiveness in the frequency and time domain. Concepts
and measurement techniques are discussed with reference to basic shield configurations and
following the relevant standards (IEEE Std 299; 2006). A basic configuration of the
experimental setup and instrumentation chain for shielding effectiveness measurements is
reported.
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230 Data Acquisition

In the second part, we focus on the magnetic shields that received most of the attention for
shielding low-frequency magnetic fields (Celozzi & D’ Amore; 1996, Hoburg; 1995; Sergeant
et al.; 2006).

The case of a circular loop magnetically coupled to an indefinite conducting plate and that
of a hollow ring shield placed coaxially around a circular loop are treated to support our
discussion (Di Fraia et al.; 2009).

Then, we conclude with a discussion on the characterization of magnetic materials. As better
discussed in the chapter, an accurate knowledge of the magnetic characteristics of a
magnetic material is at the basis for an accurate study and measurement of the shielding
effectiveness of a magnetic shield. Experimental setups and instrumentation chain
commonly adopted for magnetic materials characterization are shown.

2. Shielding theory

The shielding effectiveness (SE) is defined as the ratio of the signal received (from a
transmitter) without (wo) the shield, to the signal received inside the shield (w).
Alternatively, SE is defined as the insertion loss when the shield is placed between the
transmitting antenna and the receiving antenna (IEEE Std 299; 2006). Thus, SE can be
defined as:

SE =20log || (1)
| H |
where H;and H;are the incident and transmitted magnetic field.

Time-varying electromagnetic fields in conducting media are driven by diffusion (or
diffusion-like) equations. The analysis of electromagnetic field diffusion in conducting
media is, in practice, the analysis of eddy currents in those conductors. A basic knowledge
and modeling of the skin effect and the eddy currents are necessary so that efficient
measures are performed to characterize the EMC parameters of a shield.

Shielding problems are generally approached by the scientific community through the
solution of the vector wave equation or through the application of the Schelkunoff’s theory
(Moser; 1988). The use of impedance concept for dealing with the theory of the
electromagnetic shielding was first introduced by Schelkunoff and therefore it is known as
the Schelkunoff’s theory (Schelkunoff; 1943).

An extended analysis of various basic eddy current problems can be found in (Tegopoulos
& Kriezis; 1985). Other treatments are reported in (Moser; 1988; Schulz et al.; 1988). In
particular, an interesting study case is that of a loop antenna coupled to an indefinite
conducting plate. A schematic representation of the problem is shown in Fig. 1.

The problem can be solved analytically and adopted as a benchmark for other analytical,
numerical or experimental methods. As written in (IEEE Std 299; 2006) the shielding
effectiveness can be related to the ratio of the voltage induced along the receiving loop
without the shield, to that received in presence of the shield. Thus eq. (1) can be written as:

| W |

Vi |

It is worth to say that in presence of nonuniform field distribution over the shield the SE
parameter can vary significantly, depending on the adopted loop size. As a practical
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Fig. 1. Magnetic field loop source close to indefinite conducting plate.

consideration, it can be often the case that the geometry of the shield and the dimensions of
the electronic device under test do not make it possible to place the chosen loop probe in the
desired position and, as a consequence, to correctly perform the SE measurement. In some
cases, this problem is solved by the use of smaller-size magnetic sensors. However, the
averaging problem still stands and the estimation of the SE could be more properly defined
by averaging the field over a spatial region better representative of the “victim".

As written in the previous text, an effective method for shielding problem consists in the
application of the Schelkunoff’s theory. Here, we limit to recall some basic aspects of this
approach with reference to the case of a plane wave incident on an indefinite conducting
lamination, and to the previous case of a loop coupled to an indefinite plate.

Due to the impedance discontinuity at the air-metal and metal-air boundaries and to the
diffusion equation governing the field inside the shield, part of the energy is reflected at the
two interfaces and part absorbed by the shield turning into heat energy. It is common
notation to express the overall SE as the sum of three separate contributions:

SE=R+A+M 3)

where all the terms are expressed in dB and R represents the reflection losses at the left and
right interfaces, A is the term of the absorption losses, while M is an additional terms due to
multiple reflection effects. In the case of Fig. 2, SE can be analytically evaluated and its
expression is:

SE =20log;,

(o +1)°
o -], @

o

+20log | el/? | +201og
Mo+ 1

2
1 _{770 —-n jet/éeiZﬁt

where it is possible to recognize the reflection R, absorption A and mutual reflection M
terms (Paul; 1992). noand 7 represent the intrinsic air and shield impedance, respectively.
The Schelkunoff’s theory can be extended to the case of shield in the near field region
substituting the wave impedance of the magnetic field source in place of the impedance 7o
of the previous expressions. As well known from the theory, the wave impedance of a
magnetic dipole can be expresses as:
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Fig. 2. Shielding effectiveness: plane wave incident on an indefinite conducting plate.
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Thus, neglecting wave divergence in traversing our physically thin shield we can estimate
the shielding effectiveness of the plate by replacing 7. for 7 in eq. (4).

Mo = ()

3. Shielding effectiveness measurement

According to the IEEE 299 standard the range measurement frequencies for shielding
effectiveness evaluation are those reported in Table 1.

The measurements shall be made in accordance to specific relevant positions among the
transmitting, receiving antennas and shield. In particular, performing measurement in the
low frequency range, loops shall be spaced each one by 0.3 m from the respective shielding
barrier and coplanar in a plane perpendicular to the wall, ceiling, or other surface being
measured (IEEE Std 299; 2006). A typical configuration is shown in Fig. 3.

As a basic concern of the electromagnetic compatibilty, measurements should be oriented to
detect the worste case in order to prevent as much as possible disturbances to electronic
equipments from electromagnetic interferences (EMI). According to such a fundamental
rule, one loop (typically the transmitting antenna) is kept in a fixed position, while the
receiving loop is reoriented and physically swept searching for the worst condition. The
maximum reading of the receiver is adopted for evaluating the SE.
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ExtendedFrequencyRange Antenna Type
50 Hz -16 MHz Small loop
20 MHz -100 MHz Biconical
100 MHz -300 MHz Dipole
0.3 GHz -1 GHz Dipole
1 GHz -100 GHz Horn

Table 1. Range Measurement Frequencies for SE.
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shielded loop shielded loop
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Fig. 3. Test configuration of SE measurements in the low frequency range.

Measurement data obtained following the previous procedure are converted in SE values
through the following mathematical relations that vary vs. the operating frequency range:

=i [e) — Or S (0] — Z- V4
SE; =20logy, IZIl SE; =20log;, Vi 50Hz-20MH 6
2 2
SE. =20lo ﬂ 20MHz-300MHz 7
E 810 E
2
SE, =201lo i 300MHz-100GHz 8
P 810 P
2

Many parameters such as the electromagnetic environment, the characteristics of the test
site, the instrumentation chain itself, the positioning of the antennas participate at
determining the measurement uncertainty of SE. The IEEE Std 299 reports that uncertainty
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in the measurement of SE is not required, even if it is recommended that a measurement
uncertainty analysis be performed on each set of measurements and discussed in the final report. In
addition, the IEEE Std 299 makes reference to the standards and technical notes relevant to
the evaluation and expression of the uncertainty in measurement (NIST TN 1297; 1994).

3.1 SE time and frequency domain measurements: data acquisition systems

The procedure set in Standard IEEE Std 299 (2006) to test shielding effectiveness is basically
a frequency domain technique, where a single tone within the test band is generated at a
time and its amplitude is measured with and without the shield. A typical automated test
and data acquisition procedure would therefore require repetitive execution of the following
steps: firstly, the generator is set at a frequency and the signal is applied to the transmitting
antenna; secondly, the receiver is tuned at the same frequency as the generator and the
amplitude of the received signal is stored. Then the generator is set to the next frequency
and the procedure goes on so to test all the frequency band. The time requirements for such
a procedure to be run over the entire test band call for alternative methods and systems for
shielding effectiveness measurement. In the following two proposals are presented.

3.1.1 Time-Frequency Representation

Time-Frequency Representations (TFR’s) map a one-dimensional signal of time, s(t), onto a
two-dimensional function of time and frequency, Ts(t, f) Hlawatsch et al (1992). A signal, as
a function of time, may be considered as a representation with perfect time resolution. In
contrast, the magnitude of the Fourier Transform (FT) of the signal may be considered as a
representation with perfect spectral resolution but with no time information because the
magnitude of the FT conveys frequency content but it fails to convey when, in time,
different events occur in the signal. TFR’s provide a bridge between these two
representations in that they provide some temporal information and some spectral
information simultaneously. In particular, most TFR’s are “time-varying spectral
representations,” which are conceptually similar to a musical score with time running along
one axis and frequency along the other. The values of the TFR surface above the time-
frequency plane give an indication as to which spectral components are present at what
times. Thus, TFR’s are useful for the representation and analysis of signals containing one or
more time-varying frequencies. One form of TFR (or TFD) can be formulated by the
multiplicative comparison of a signal with itself, expanded in different directions about each
point in time. Such representations and formulations are known as quadratic TFR’s or TFD’s
because the representation is quadratic in the signal. One such representation is the Wigner-
Ville Distribution:

Tt f)=[ s(t-1/2)s"(t+7/2e > dr, )

The cross-terms caused by their bilinear structure may be useful in some applications such
as classification as the cross-terms provide extra detail for the recognition algorithm.
However, in some other applications, as for example the shielding -effectiveness
measurement, these cross terms may produce misinterpretations and they would need to be
reduced. One way to do this is obtained by comparing the signal with a different function.
Such resulting representations are known as linear TFR's because the representation is linear
in the signal. The windowed Fourier transform, also known as the Short-Time Fourier
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Transform (STFT) localizes the signal by modulating it with a window function h(-), before
performing the Fourier transform to obtain the frequency content of the signal in the region
of the window. Its expression is:

Tt i) = s(uh’ (u—t)e > du, (10)

In a digital implementation of a TFR, the obtained results are typically the squared values of
the discrezited version of the aforementioned two-dimensional function, Ti(n, v), the
discrete variables, n and v, represent, respectively, the time and frequency. These values are
collected in a matrix. Generally, row index is connected to frequency, while column index
represents time. By visualizing the matrix along a time-frequency plane, it can directly be
observed how the power spectral contents of the analyzed signal evolve versus time. So,
shielding effectiveness measurements can automatically be carried out by simply
manipulating the coefficients of the matrix.
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Fig. 4. Typical Time-Frequency Representation.

TFR’s are often used for parameter’s estimation Angrisani et al. (2002) and system testing
Angrisani et al. (2000). Figure 4 shows a typical time-frequency representation for the
response to an FM signal. This is what is expected to be seen when such techniques are
applied to SE measurements: the whole frequency band in Table 1 is divided into sub-bands,
then an FM spanning each sub-band is generated, and the response is first digitized by a
data acquisition system with proper vertical resolution and sample rate, and then suitably
processed in order to construct the desired time-frequency representation. The advantage
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over a frequency domain test is the capability of acquiring the response to more frequencies
at the same time. Furthermore, unlike the classical approach such a methodology can be
used even to characterize non-linear materials, as the analysis in the joint time-frequency
domain can localize also harmonics and non-stationary components whereas a tone-by-tone
investigation couldn’t.

3.1.2 Pulsed signal characterization

Because of the wide frequency content of a pulse, it can be used to test the shielding
properties of a material over an interval of frequencies. This is indeed quite a trivial task in
terms of system requirements, given the excellent performance of both pulse generators and
acquisition systems available on the market. The same envelope can be used to modulate
different carriers so that the whole investigation band can be tested in different steps. With
this approach, even a single pulse can be generated: due to the storing capability of modern
digital oscilloscopes, by setting a pre-trigger acquisition mode with a one-shot trigger mode,
the transient can be acquired and stored, and processed later (even off-line) by means of an
FFT algorithm to detect the response of the shielding material to each frequency contained
in the transmitted pulse. Again, unlike the direct frequency-domain analysis, this
methodology can be used even in presence of dispersive or generally non-linear materials,
given its nature of being a test for a packet of frequencies at the same time.

4. Magnetic shields

Magnetic field shielding at low and extremely low frequency (ELF) is a subject of particular
interest for the industrial and scientific communities. Typical applications include medical
instrumentation shielding, noise measurements, device characterizations. Magnetic
materials with high magnetic permeability are commonly adopted for such cases. Two
separate physical mechanism participate at determining the electromagnetic shielding in
presence of magnetic materials: the “flux shunting" as a consequence of the high
permeability of the shield material and the redirection of flux due to induced eddy currents
(Hoburg; 1995). Both these phenomena together to the magnetic field source characteristics,
the geometry of the shield and its relevant position with respect to the magnetic field itself
contribute to determine the overall SE of a magnetic shield. Due to the highly nonlinear
nature of the adopted magnetic materials, the shielding effectiveness vary with the field
strength. Saturation effects as well as change of the equivalent magnetic permeability in
presence of combined static and time-varying fields can cause inaccurate field analysis and
measurements.

The IEEE Std 299, suggests to determine nonlinear effects by measuring the magnetic SE as a
function of source strength. This should be done increasing in 10 dB steps, nominally 0.1Wto
1W and 10Wthe input power at the transmitting antenna. In particular the standard reports
that: If the magnetic SE decreases more than about 2 dB, then intermediate level measurements shall
be made. The results shall then be plotted to determine the highest level permissible for linear
performance (within £1 dB).

Recent hysteresis models have reached a high level of accuracy, as a consequence this makes
possible to perform the SE analysis and measurement of a ferromagnetic shield through an
accurate characterization of the magnetic behavior of the shielding material combined to a
computational analysis (Bologna et al.; 2006, Celozzi & D’Amore; 1996; Di Fraia et al.; 2009;
Sergeant et al.; 2000).
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In particular, in (Di Fraia et al.; 2009) the authors studied an basic case of an iron hollow
cylinder placed coaxially around a circular loop. The investigated geometry is shown in Fig. 5

s = = o=

Fig. 5. Photograph of a basic setup for magnetic shield characterization.

The analysis was performed by combining magnetic characterization of the material with an
analytical techniques and results were in good agreement with the measurements
performed according to the standard procedure (Tellini et al.; 2005).

5. Magnetic material characterization: data acquisition systems

The expression “magnetic material characterization" commonly refers to experiments aimed
at investigating the dependence of the macroscopic magnetization M vs. the effective
magnetic field H in continuos media. In such a way the relationship M(H) has a meaning at
the macroscopic level, i.e., M represents the average magnetic moment over a representative
spatial region of the material or over the whole test specimen.

Generally speaking an hysteresis loop is interpreted as a property of the material under test.
On the other hand, many parameters among which the specimen geometry can influence the
measurement and the resulting measured hysteresis cycle. The field H and Mare vector
quantities and, strictly speaking, any representation of hysteresis loops should be given in
vector terms. However, many experiments and interpretations are based on a scalar
representation, where the magnetization component along the field is given as a function of
the field intensity. This description is useful and convenient when we can identify an “easy"
direction of the fields along the magnetic sample and it is the approach used in this chapter.
Of course, this method is not complete being neglected any consideration on the
magnetization components perpendicular to the field. The use of vector hysteresis modeling
and measurement should be otherwise mandatory for generic magnetic shield geometries.
One of the problems we have to face planning experiments of magnetic material
characterization is the role of the demagnetizing fields. Such field occurs any time we have a
discontinuity of the magnetization vector M (V -+ M = 0) and can influence the measuring
methodology and accuracy of the results. Let us consider the basic example shown in Fig. 6.
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A current iy(f) is driven through a primary coil generating a proportional magnetic field H,.
The voltage vo(t) induced along a secondary open circuit coil is proportional to the rate of
change of the flux ® = BS, being S the cross-section area of the sample to which is linked the
coil and B the average induction component perpendicular to the cross section).

v} (1) v‘; (1)

> g

Fig. 6. Schematic representation of open and closed magnetic samples. The loop shape is
affected by the specimen geometry.

The applied field H, arising from the primary current i(t) is the magnetic field that would be
present inside the primary coil if magnetic materials were not inserted. In presence of the
magnetic material, even driving the same current 71(#) the relationship between H and ii(f)
obviously changes. This is easy to show, making two different experiments with the same
magnetic material but adopting different specimen geometries, such as those shown in Fig.
6. As discussed in (Bertotti; 1998; Fiorillo; 2004) with the open sample configuration the
effective field H acting in the material is not the applied field H, related to the primary
current and the demagnetizing field must be taken into account for the characterization of
the magnetic material properties.

For such reasons often closed magnetic circuit are preferred to open samples in the
measurements of magnetic hysteresis. The sample can be shaped in order to achieve flux
closure with the material itself or with a yoke made of a high-permeability and high-section
material. An intuitive closed magnetic circuit is represented by the toroidal configuration;
some examples are reported in Fig. 7.
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Fig. 7. Schematic representation of different made magnetic cores. Laminated (left one),
wound ribbon (center), sintered powder (right one)

Cores can be obtained by stacking rings punched out of a lamination (left one), winding a
ribbon-like sample (centre one) or sintering a magnetic powder (right one). The field inside
the core can be generated by an uniformly primary winding ound around the core or, if an
high intensity field is required, by means of an axial conductor of large cross-sectional area.
The stacked specimen can be used in the case of isotropic (or with moderate anisotropy)
materials like, for example, non-oriented electrical steels; in this case the magnetic properties
measured are averaged over the lamination plane. Strip-wound cores, on the contrary, are
used to provide magnetic properties over a definite direction in the plane of the sheet. In
every case, using a toroidal core, some aspects must be taken into account:

e the preparation of the specimen and of the primary and secondary winding can be
tedious;

e every next specimen requires the preparation of new windings;

e when we want to characterize a lamination along a definite direction a strip-wound
core has to be built and this configuration implies the creation of bending stresses that
can modify the results;

e the field strength available with the primary winding is limited and we can test only
very soft magnets;

e the applied field decreases passing from the inside to the outside boundary of the
toroid, being the field strength inversely proportional to the magnetic path length D
(where D is the diameter of the considered circumferential field line). This leads to
geometrical constraints among the internal and external diameter.

Such drawbacks typical of toroidal specimen brought to the development of a different

closed magnetic circuit obtained by making a square assembly of strips cut along the

desired testing direction, superimposed at the corners. The specimen is known as the

Epstein test frame and such a magnetic configuration is a standard for measurements in

steel sheets from DC to 10 kHz. A multiple number of four strips of width 30 mm and length

variable from 280 to 305 mm are superposed at the corner to forma square. A weight of 1 N

is placed on each corner in order to ensure a good and reproducible flux closure. Each side

of the square is provided with a secondary and a primary winding wound on a rigid
insulation support with rectangular section. The solenoids have all the same number of
turns with a total of 700 primary and secondary turns in the frame used for DC and power
frequency measurements and a total of 200 turns in the frame recommended for medium
frequency range (0.4 - 10 kHz) (IEC 60404-2; 2008; IEC 60404-10; 1988). The mean magnetic
path is fixed by the standard IEC 60404-2 in 0.94 m. In Figs. 8 and 9 a schematic drawing and
a photograph of an Epstein frame are reported.
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Fig. 8. Schematic drawing of the Epstein frame.

Fig. 9. Photograph of the Epstein frame.

A measurement technique commonly adopted for characterization of soft magnetic
materials is the volt-amperometric method. This approach reconstructs the magnetic H and
induction B fields via the measurement of the primary current i; and the secondary open
circuit voltage v, through the Ampere and Lenz’s laws:

N,i dB
=11 vy, =N,S— 11
L 2 2 it ()

H

m

where N;and N; represent the number of turns in the primary and secondary winding (700
each one in the case of the Epstein frame used for DC and power frequency measurements);
Lm is the mean magnetic path length (0.94 m in the case of the Epstein frame), and S is the
cross section area of the magnetic circuit. The volt-amperometric method is generally
applied for measuring of major loop or symmetric minor loops. Recently this techniques has
been extended to the characterization of asymmetric minor loops and of magnetic materials
under nonperiodic conditions (Tellini et al.; 2008, 2009).
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In Fig. 10 a basic measurement scheme for characterization of soft magnetic materials is
reported.

Arb. func. ,
generator Li(Y
RS L [
N1 N2
R;
vi(t) o« H(t)
PC Data Acq. %
System
fvut) oc dB/dt

Fig. 10. Measurement scheme for characterization of soft magnetic materials.
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An arbitrary function generator is connected to the primary winding via a power amplifier.
The primary current 71 is measured via the voltage drop across a calibrated resistance Rp.
The secondary open circuit voltage v, is measured by means of a high-impedance
differential amplifier and a data acquisition system.

The data acquisition system must perform synchronous acquisitions between the two
channels; a couple of identical DC-coupled variable-gain low-noise amplifiers is generally
interposed between the H(t) and dB/dt signal sources and the acquisition device (Fiorillo;
2004).

The mutual inductance M, in the scheme of Fig. 10 is used to automatically compensate the
air flux linked with the secondary winding. The presented scheme can be used to impose a
prescribed time dependence (often sinusoidal) of the magnetization, i.e. the secondary
voltage v;(t) for example by means of a digitally controlled recursive technique.

In Fig. 11, the hysteresis loop obtained measuring data on a commercial ferrite toroid is
reported. Although a complete model of magnetic hysteresis is very complex, the coercive
field H. and the induction remanence B, are two key paramaters that together to the
saturation Hgy, B values define in a first approximation the material magnetic behavior.
The remanence B, represents the induction value obtained after applying a large field to the
specimen and then removing it, while the coercive field is the field needed to bring the
induction field from B, to zero. On the basis of H. and B, values, magnetic materials are
commonly classified into soft and hardmagnetic materials. In Fig. 12 a typical major loop
with a complete series of minor symmetric cycles is shown. Such data are a basic set for the
identification of scalar hysteresis models such as the Preisach scalar model Cardelli et al.
(2000). The magnetic sample under test was a commercial ferrite toroidal specimen.

0.25 T T T T T T T T T

0.2r

0.15

0.1
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=
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T
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—

Lh
T

.25 | | | | | | |
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Fig. 12. Major loop and minor symmetric cycles obtained for a commercial soft ferrite.
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6. Conclusions

The chapter presented basic aspects of the shielding theory and shielding effectiveness
measurement. In a first part, some remarks were spent on the classical eddy current analysis
and the impedance concept (Schelkunoff’s theory) for approaching shielding problems. In a
second part, the discussion was oriented towards common and alternative measurement
procedures. In particular, time-frequency or pulsed signal based measurement techniques
were described as possible effective tools for application to dispersive or non-linear
shielding materials. The third and last part focused on the magnetic shields and on the
characterization procedures of the magnetic materials. The discussion points out the
importance of an accurate knowledge of the material magnetic behavior in order to improve
the shielding design and to make more efficient the measurements of the shielding
parameters.
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