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Abstract: The interconnection of different electronic devices or systems through cables is becoming
more difficult due to the hard restrictions related to electromagnetic compatibility (EMC) in order to
comply with requirements. Therefore, the use of EMC components is a good solution to manage the
problems associated with the filtering of electromagnetic interference (EMI) in cables and to pass the
compliance test. In this sense, sleeve ferrite cores become a very interesting solution since they can
be set around a wire and, hence, they provide an effective solution against EMI without having to
redesign the electronic circuit. This contribution is focused on the characterization of the performance
of a sleeve ferrite core based on a novel nanocrystalline (NC) novel material for EMI suppression and
comparing it to the most conventional ceramic ferrite cores such as MnZn and NiZn. The research
highlights the suitability of an NC novel component in terms of its magnetic properties to reduce
EMI within the conducted emissions range. This range is generally defined by the International
Special Committee on Radio Interference (CISPR) test standards frequency band that covers from
150 kHz up to 30 MHz (108 MHz in the case of CISPR 25). First, this study presents a description of
the main parameters that define the behavior of NC and ceramic cores and, secondly, by analyzing
the data obtained from experimental procedures, it is possible to directly determine the insertion loss
parameter. Hence, this characterization procedure is used to obtain the performance of NC material
compared to the conventional sleeve ferrite core compositions employed to filter the interferences in
this problematic frequency range. As can be deduced from the results obtained, an NC sleeve ferrite
core provides the best performance in terms of EMI filtering within a significant frequency range
between 100 kHz and 100 MHz.

Keywords: nanocrystalline (NC); sleeve ferrite core; cable ferrite; cable filtering; electromagnetic
interference (EMI) suppression; conducted emissions; relative permeability; impedance; insertion loss

1. Introduction

The fast development of electrical and electronic products has become an increasingly serious
electromagnetic interference (EMI) problem faced by engineers and scientists [1]. This situation
intensifies the presence of interference generated by electromagnetic fields; therefore, it is becoming
increasingly difficult to ensure all devices operate simultaneously in the context of electromagnetic
compatibility (EMC) without inferring with each other [2].

EMI can be one of the main causes that generates the degradation (performance-wise) of
an electronic system; this usually occurs at frequencies that are higher than the signals traveling the
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circuit. The most common sources of these interferences include natural ones (such as atmospheric
electrical phenomena), power lines, auto ignition or radio frequency (RF) interference.

In terms of the kind of disturbance that is transmitted, EMI is divided into two categories:
conducted and radiated emissions; regarding the way the electromagnetic field is propagated. In the case
of radiated EMI, it is caused by induction whereas conducted EMI is generated by physical contact of
conductors. Thus, in the low frequency range EMI is generally emitted via conduction and, in the high
frequency region via radiation. Likewise, conducted EMI can be classified into two kind of currents
in terms of different directions of leading: differential mode (DM) and common mode (CM) [3].
In the correct working of a circuit, a differential current is designed to flow in order to obtain a clear
signal. When opposing currents are created and flow in the same direction as the intended current,
the differential intended currents are canceled. In CM, currents flow in both conductors in the same
direction and are not suppressed as they are non-intentional (EMI) currents [4,5].

This contribution is focused on the filtering of conducted EMI in which the upper limit is specified
by CISPR-based test standards (CISPR 11, 14-1 and 32) up to 30 MHz, except for CISPR 25, where the
applicable upper frequency extends to 108 MHz [6]. In particular, the most common EMI sources
that interfere in the conducted range are switch-mode power converters [7]. Both embedded DC–DC
converters are intended for a large number of commonly used electronic devices [8] and high–low
voltage DC–DC converters employed to charge Electric Vehicle batteries [9] contribute to the generation
of EMI in this frequency band. In order to avoid, or at least reduce EMI, suppressors should work
as low-pass filters, suppressing signals with frequencies higher than the intended signal frequency
value [1]. Nowadays, most electronic products are connected to the main power network or are
designed to be interconnected with others through cables. These cable interconnections are becoming
more difficult due to the hard restrictions related to the accomplishment of EMC compliance. Thereby,
the use of EMC components is a good solution to manage the problems linked to the EMI filtering in
cables and pass the compliance test. In this sense, sleeve ferrite cores (also known as cable ferrites)
are a very interesting solution since they can be set around a wire and provide an effective solution
against EMI without having to redesign the electronic circuit. These components are widely used in
EMI filtering applications because they are usually applied to be set on power cables or peripheral
cables of electronic devices in order to prevent electromagnetic disturbance that could be propagated
along the wire, as shown in Figure 1 [10,11]. This filtering method enables limiting of the conducted
emissions [12,13] and can be applied in electronics and telecommunications elements [2,7,14]. Therefore,
when a disturbance current is flowing in the peripheral and/or power wires connected to the device, the
manufacturer usually decides to attach a sleeve ferrite core to encircle these cables. This is due to the
fact that the sleeve ferrite core introduces a certain insertion loss (A) by which the disturbance current
flowing through it is reduced and, therefore, EMI is attenuated [15]. Furthermore, these cores are ideally
suited for reducing the EMI interferences because they are very effective against CM currents [4,10].
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The mechanism used by a sleeve ferrite core to filter electromagnetic noise is the increase of
the cable impedance in those frequencies that can hold disturbances. When a ferrite core encircles
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a conductor lead it should pass the intended signal frequency and should block the EMI frequency
components. Thereby, a sleeve ferrite core is able to manage the line impedance through its magnetic
properties, providing a low impedance to the intended signal and increasing the conductor impedance
for suppressing interferences within a specific frequency spectrum. The material and production
technique used to make a ferrite core defines its magnetic properties and determines the frequency
range of suitability. Conventionally, ferrite core materials for EMI suppression are based on MnZn and
NiZn and their combinations [16–18]. The use of MnZn sleeve ferrite cores is generally centered on the
range that covers from some hundreds of KHz to some MHz, in contrast to ferrite cores made of NiZn
material that works in a broadband frequency range that can cover from tens of MHz up to several
hundreds of MHz [4]. The results presented in [19] highlighted the great suitability of NC cable ferrite
to filter electromagnetic interference in a low-frequency region. Furthermore, data obtained from its
magnetic properties indicate that this EMC solution could also provide good performance in terms of
EMI suppression at higher frequencies. In this sense, some researchers have investigated the use of NC
structure compositions to make EMC components because this kind of core can reduce its volume by
50–80% and can yield greater magnetic properties and insertion losses compared to other sleeve ferrite
cores [20–23].

Consequently, a prototype of the novel NC structure is characterized in relation to MnZn and
NiZn conventional ceramic cores with the aim of determining the effectiveness of this novel material
compared to the current solutions in the conducted frequency range. This is firstly presented in Section 2
by defining the magnetic properties of each material through measuring the relative permeability
parameter. Subsequently, Section 2 also describes the performance of NC sleeve ferrite core compared
with the ceramic cores from the point of view of the magnitude of the impedance and its complex
components since this is the parameter most used by manufacturers to describe the performance of
a sleeve ferrite core. In Section 3, the experimental setup designed to simulate a system with conducted
emissions problems is described. This measurement procedure is used to determine the attenuation
ratio that NC, MnZn and NiZn sleeve ferrite cores are able to offer in the frequency region between
100 kHz to 200 MHz. In Section 4, the data obtained from magnetic properties of the three different cores
and the impedance measured are compared with the data obtained from the experimental measurement
setup. This step is carried out in order to verify that the data obtained by the three different procedures
match and, thus, it is ensured that they are properly acquired, since some investigations conclude that
the measurement of the impedance parameter is not accurate from a certain frequency value [24–26].
It is essential to obtain an actual and verified impedance value because this parameter is employed
as a reference to determine the accuracy of the experimental measurement setup employed to obtain
the EMI suppression ability in terms of decibel for each sleeve ferrite core. Furthermore, Section 4
compares the results based on the insertion loss parameter of an NC core and ceramic ones, as well as
extrapolating the results considering systems with different impedances to show the dependence of the
filtering performance with the impedance of the system where the sleeve ferrite core is introduced [27].
Finally, important conclusions regarding the frequency ranges where NC is more suitable than ceramic
sleeve ferrite cores are summarized in Section 5, in order to establish the extent to which NC suppresses
those conducted EMI problems that current ceramic sleeve ferrite cores are unable to solve.

2. Sleeve Ferrite Core Characterization

Sleeve ferrite cores are manufactured from a magnetic material that allows them to control RF
noise in cables and reduce it at a certain frequency range. This range mainly depends on their intrinsic
composition and internal structure. Ferrite cores belong to the ferromagnetic materials field and can be
categorized into three groups: ceramics, composite materials and metals. Conventionally, the most
used sleeve ferrite cores are based on ceramic materials such as MnZn and NiZn, whereas the NC
core characterized in this research is included in metals. Ceramics are also known as polycrystalline
materials because they can contain metal oxides, such as manganese or zinc oxide. The features that
have made ceramics the most popular filtering solution are their strong adhesion forces, heat-resistance,
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hardness and high resistance to pressure. One of the main advantages of the ceramics is the possibility
of manufacturing filtering components with many different shapes. In contrast to ceramics, currently,
the manufacture of NC cores with different shapes is complicated due to the fact it is not a simple
solid core. NC cores are formed by metal film layers that are rolled up to reach the desired size.
This shape cannot be cut safely without undermining its EMI suppression ability because when the
core is cut, small shortcuts are caused between the layers, lowering the magnetic properties of the core.
Therefore, it is difficult to create snap ferrite cores that can be clamped on a cable because they are not
a solid core. Nevertheless, the structure of the novel NC material presents the advantage of designing
smaller components with greater magnetic properties for low-frequency applications due to its intrinsic
properties which are obtained by means of its complex manufacturing procedure [19]. This process
consists of melting the material by heating it at 1300 ◦C. Next, the liquid is deposited on a wheel in order
to cool it through spinning around at 100 km/h with the aim of reducing its temperature at a cooling
rate of 106 K/s. Thereby, the amorphous structure is generated and the thickness of the film is defined.
Thereafter, the film is rolled up to form the sleeve core and it is exposed to an annealing process where
it is warmed up to 600 ◦C to achieve the nanocrystalline structure. Finally, strong magnetic fields are
applied to the material in order to get greater magnetic properties. Hence, from comparing its magnetic
properties to those provided by ceramic cores, it is possible to consider that NC can not only provide
a high attenuation ratio in the ultra-low frequency range (9 kHz to 150 kHz) but also, it could be more
effective than ceramic cores throughout an upper frequency range.

When an electrical conductor carrying a certain current is inserted through a sleeve ferrite core,
it produces a magnetic field. Sleeve ferrite cores are designed to absorb the magnetic field, inducing
currents, into its internal structure. These currents, known as eddy currents [28], are dissipated by the
core as heat and they mainly define the loss ability of the component. Eddy currents can fluctuate
depending on the strength of the field, frequency and material grain size [29].

The evaluation of the novel NC sleeve ferrite core is carried out by analyzing the performance
regarding two kinds of ceramic cores, with the aim of analyzing the frequency range where NC is
more effective at suppressing conducted EMI. One of the cores selected is based on MnZn, a material
widely used to reduce EMI in the low-frequency region and the other selected core is made of NiZn
that is generally employed to filter EMI from some tens of Megahertz. Thus, it is important that the
analyzed sleeve ferrite cores have a similar volume. One of the most significant parameters of a sleeve
ferrite core is the height or length of the core since the electromagnetic absorption ratio varies only
the log of the division between the external and the internal diameter, but is directly related with
the length [4]. Accordingly, the ceramic MnZn and NiZn sleeve ferrite cores characterized in this
contribution have been selected as they have dimensions similar to the manufactured novel NC core
prototype. These parameters are shown in Table 1.

Table 1. Lists of sleeve ferrite cores used in this research.

Ferrite Part
Number

Magnetic
Material

External Diameter
(OD) (mm)

Internal Diameter
(ID) (mm) Length (mm)

M-4304-02 NC 18.9 12.9 27.7
74277255 MnZn 18.6 10.2 28.5
74270055 NiZn 18.6 10.2 28.5

2.1. Magnetic Properties

One of the most important parameters that defines the ability of a material to absorb electromagnetic
interferences is the relative permeability (µr) [13]. The permeability relates the magnetic flux density
of a certain magnetic field in a defined medium, so that when a sleeve ferrite core is placed around
a certain cable, the magnetic flux is concentrated in it. This ability to concentrate the magnetic flux is
described by the material’s internal properties and it is represented through the permeability complex
parameter. The losses of the magnetic flux can be determined by dividing it into its complex form;
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in this way, the real component (µ′) quantifies the real or inductive part and the imaginary or resistive
component (µ′′ ) is related to the material ability to absorb the electromagnetic interferences [30,31].
Thereby, the complex relative permeability is expressed by:

µr( f ) = µ′( f ) − jµ′′ ( f ) (1)

One governing rule of EMI suppression that relates the permeability to the frequency in powder
ferrite cores is Snoek’s Law [4] given by (2):

fm = BS/µi (2)

where fm corresponds to the ferromagnetic resonance frequency, BS is the magnetic saturation and
µi the initial permeability. This last parameter is measured at low frequency (usually at 10 kHz with
a temperature of 25 ◦C) and it is used for manufacturers to organize the filtering ability of cable ferrites.
Equation (2) shows that the higher the frequency of operation, the lower the permeability, and vice
versa. Thus, if the material provides high initial permeability, the frequency fall off will be low and vice
versa. For this reason, MnZn ferrite cores are normally focused on the high kHz or at most, the very
low MHz region since this material yields an initial permeability value between 3000–10,000 [32,33].
With regard to NiZn materials, they usually provide an initial permeability that varies between
500–1200, so they are able to more effectively filter electromagnetic noise within a high-frequency
range [34,35]. Otherwise, the NC material shows a much higher initial permeability than ceramics due
to its internal structure and manufacturing process that improve its magnetic properties. This results
in an important increase in the initial permeability, reaching values of nearly 100,000 [22].

The magnitude of the relative permeability of the NC material is represented together with
MnZn and NiZn permeability traces in Figure 2 to study the frequency region covered by each
material [10]. This graph shows that from the point of view of the magnetic properties, the NC core,
despite being the material with higher initial permeability provides higher permeability than the
ceramic materials throughout almost the entire frequency range studied. MnZn is able to provide
a permeability around 3000 up to the 2 MHz point, providing a similar value to NC at this frequency
point. In the high-frequency region, NC demonstrates a better performance than NiZn although it is
possible to observe how the slope of NC is greater and, thus, NiZn may be more effective. In this way,
the NC core, despite being the material with a higher initial permeability, provides higher permeability
than the ceramic materials throughout the frequency range studied.
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More information about the sleeve ferrite cores analyzed can be obtained by splitting into real
and imaginary components the complex relative permeability of the three materials. These traces
allow one to determine the magnetic resonance frequency ( fm) of each material, as shown in Figure 3.
This corresponds to the frequency value at which the real part of the relative permeability begins to fall
and the imaginary part reaches the maximum peak [36]. Generally, the inductance component is steady
below the fm and decreases significantly from this frequency value [24]. The NC minigraph shows
the lower frequency value at which the fm takes place; however, the absorption loss represented by
the imaginary part shows the weakest slope, if it is compared with MnZn and NiZn imaginary traces.
From this information, together with the fact that NC provides a higher initial permeability, results
in this sleeve ferrite solution could yield a greater attenuation ratio in a wider frequency range than
ceramic cores. The equipment used to carry out these relative permeability measurements is based
on the E4991A Material Analyzer (Keysight, Santa Rosa, CA, USA) that is interconnected with the
16454A Magnetic Material Text Fixture. This fixture measures accurately the permeability parameter
of round-shaped magnetic materials because its features emulate one turn winding the core without
magnetic flux leakage. Consequently, direct readouts of the complex permeability are obtained.

Electronics 2019, 7, x FOR PEER REVIEW  6 of 21 

 

corresponds to the frequency value at which the real part of the relative permeability begins to fall 
and the imaginary part reaches the maximum peak [36]. Generally, the inductance component is 
steady below the 𝑓  and decreases significantly from this frequency value [24]. The NC minigraph 
shows the lower frequency value at which the 𝑓  takes place; however, the absorption loss 
represented by the imaginary part shows the weakest slope, if it is compared with MnZn and NiZn 
imaginary traces. From this information, together with the fact that NC provides a higher initial 
permeability, results in this sleeve ferrite solution could yield a greater attenuation ratio in a wider 
frequency range than ceramic cores. The equipment used to carry out these relative permeability 
measurements is based on the E4991A Material Analyzer (Keysight, Santa Rosa, CA, USA) that is 
interconnected with the 16454A Magnetic Material Text Fixture. This fixture measures accurately the 
permeability parameter of round-shaped magnetic materials because its features emulate one turn 
winding the core without magnetic flux leakage. Consequently, direct readouts of the complex 
permeability are obtained. 

 
(a) 

 
(b) 

Figure 3. Cont.



Electronics 2019, 8, 800 7 of 21
Electronics 2019, 7, x FOR PEER REVIEW  7 of 21 

 

 
(c) 

Figure 3. Complex relative permeability split into real and imaginary components: (a) NC sleeve 
ferrite core; (b) MnZn sleeve ferrite core; (c) NiZn sleeve ferrite core. 

There is also a capacitance component that represents the dielectric effects of the ferrite magnetic 
material. This appears in the bandwidth above the 𝑓 , where the inductive component of the 
permeability becomes negative [13,37]. As can be observed in Figure 3, this stray capacitance due to 
the magnetic material is noted beyond 1.8 MHz and 85.1 MHz and 282.7 MHz in case of MnZn, NC 
and NiZn cores, respectively. 

2.2. Impedance and Phase Description 

Although the permeability parameter is used to describe the behavior of the core material, the 
performance of a certain sleeve ferrite core takes into account, besides the material features, other 
variables such as the self-inductance defined by the dimensions and the shape. Thereby, sleeve ferrite 
cores are usually defined and classified through specifying the magnitude of the impedance (ZF), which 
is obtained from the equivalent component parameters such resistance (R) and inductance (L) [4,27]. 
The magnitude of the impedance is given by: |Z | = R + (X )  (3)

where R corresponds to the equivalent resistance and XL is the impedance of the inductive part of the 
sleeve ferrite core. The vector relationship between impedance and permeability components is 
shown in Figure 4. 

 

Figure 4. Vector relationship between µ , µ , and µ  (left); vector relationship between ZF, R and XL 
(2πfL) (right). 

There is a proportional relation between the attenuation ratio or insertion loss provided by a 
certain sleeve ferrite core and the impedance of the system where it is set. Thus, it is essential to select 
a sleeve ferrite core that provides an impedance value that is higher than the system impedance at 
the frequency to be filtered. This is due to the fact they are more effective when they are used on 

Figure 3. Complex relative permeability split into real and imaginary components: (a) NC sleeve ferrite
core; (b) MnZn sleeve ferrite core; (c) NiZn sleeve ferrite core.

There is also a capacitance component that represents the dielectric effects of the ferrite magnetic
material. This appears in the bandwidth above the fm, where the inductive component of the
permeability becomes negative [13,37]. As can be observed in Figure 3, this stray capacitance due to the
magnetic material is noted beyond 1.8 MHz and 85.1 MHz and 282.7 MHz in case of MnZn, NC and
NiZn cores, respectively.

2.2. Impedance and Phase Description

Although the permeability parameter is used to describe the behavior of the core material, the
performance of a certain sleeve ferrite core takes into account, besides the material features, other
variables such as the self-inductance defined by the dimensions and the shape. Thereby, sleeve ferrite
cores are usually defined and classified through specifying the magnitude of the impedance (ZF),
which is obtained from the equivalent component parameters such resistance (R) and inductance
(L) [4,27]. The magnitude of the impedance is given by:

|ZF| =

√
R2 + (XL)

2 (3)

where R corresponds to the equivalent resistance and XL is the impedance of the inductive part of the
sleeve ferrite core. The vector relationship between impedance and permeability components is shown
in Figure 4.
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There is a proportional relation between the attenuation ratio or insertion loss provided by
a certain sleeve ferrite core and the impedance of the system where it is set. Thus, it is essential to select



Electronics 2019, 8, 800 8 of 21

a sleeve ferrite core that provides an impedance value that is higher than the system impedance at the
frequency to be filtered. This is due to the fact they are more effective when they are used on cables
connected to circuits with low impedance [5]. Sometimes it is difficult to accurately determine the
impedance of the system with EMI problems; however, depending on the kind of lead, it is possible to
estimate this value: for instance, ground leads usually present between 1 and 2 Ω, supply voltage lines
have impedances from 10 to 20 Ω and video, clock and data lines from 90 Ω to 150 Ω [27].

A sleeve ferrite core can be represented by a simplified equivalent circuit consisting of an inductance,
a resistance and a capacitance, as shown in Figure 5. This circuit represents a sleeve ferrite core
within the frequency range analyzed in this contribution without taking into consideration the system
where it could be placed, since the surrounding elements may introduce additional parasitic effects.
The behavior of the sleeve ferrite core at a low-frequency range is usually mostly inductive, blocking
CM currents due to its inductive reactance (LF). The impedance becomes more resistive (RF) as the
frequency is increased, absorbing and dissipating CM currents as heat. Hence, LF and RF are the
predominant components below the ferromagnetic resonance frequency; however, from this frequency
value, the stray capacitance of the ferromagnetic material becomes predominant, defining the fall
slope of the impedance. Regarding CF, it represents a parasitic capacitance because of the winding
effect [24]. When a sleeve ferrite is set around a cable, it is equivalent to one turn or one winding coil.
An interesting feature of sleeve ferrite cores is the possibility of winding the wire around them multiple
times, considering each pass of the cable through the sleeve core as one turn. This technique results
in an increase of the ferrite impedance proportionally to the number of turns squared. Nevertheless,
increasing the number of turns also increases the winding capacitance CF, shifting the point of
maximum impedance to a lower frequency value [25]. Therefore, there is a balance between the number
of turns and winding capacitance, because a higher number of turns implies a worse performance at
high frequencies. Nevertheless, increasing the number of turns N, it is possible to increase to obtain a
higher inductance LF value, but at the same time, the stray capacitance CF increases [13]. This last
fact could generate a self-resonance (SRF) at a certain frequency. Above the value of the SRF, the
impedance becomes predominantly capacitive and the effectiveness of the sleeve ferrite core to filter
EMI is degraded [38,39]. Therefore, SFR due to CF could superpose the ferromagnetic resonance due to
the intrinsic material parameters described above. This is one of the main reasons why more than two
or three turns are not usually used. In this contribution, the characterization is carried out by winding
one and two turns in the sleeve ferrite cores.
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Figure 5. Simplified sleeve ferrite core equivalent circuit.

The measurement setup currently in use by manufacturers for characterizing a sleeve ferrite core
is based on the measurement of its impedance by means of introducing along the core a wire with
a defined length and cross-section, which is connected to an Impedance Analyzer. The wire selected
should be as short as possible, but long enough to achieve one and two turns around the sleeve ferrite
core. With this conventional method, the influence of the wire in the total impedance measured can
only be neglected if its length is short compared to the wavelength and this limit is usually a least
1/10 of the wavelength (λ). Some investigations have evaluated this measurement method and agree
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that it is not sufficiently accurate for very high frequency characterizations, because if an AWG26
(American Wire Gauge) cable is used, the minimum length required to wind two turns around the NC
sleeve ferrite core is 150 mm. As a result, the maximum frequency that can be measured is 200 MHz
(following the restriction of λ/10). If this procedure is used to characterize sleeve ferrite cores from
200 MHz, the wire represents a series inductance whose value becomes higher as the wire length
increases. At the same time, this length increase causes the SRF to shift to a lower region, considering
not only the impedance of the core but also the impedance introduced by the cable [25,26]. In the
case of winding only one turn around the sleeve ferrite core, it is possible to use an AWG26 cable
with a length of 70 mm with the aim of reducing the influence of the cable in the total impedance
measurement. Figure 6 shows the impedance of both AWG cables used to determine the impedance of
the sleeve ferrite cores. From these traces, the magnitude of the impedance provided by the two cables
employed to measuring the impedance of the sleeve ferrite cores can be observed. It is important
to take this fact into account, especially in those sleeve cores whose impedance can be similar to the
impedance provided by the cable.
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Figure 6. Magnitude of the impedance of the AWG26 (American Wire Gauge) wires used to measure
the impedance of the sleeve ferrite cores.

Subsequently, considering these conditions, a calibration procedure has been performed with the
aim of reducing the influence of the AWG cable, especially in the frequencies closer to the (λ/10) limit,
when the 150 mm cable is employed. Taking this fact into consideration, it is possible to determine
the direct impedance measurement through the E5061B Vector Network Analyzer (Keysight, Santa
Rosa, CA, USA) connected to the Terminal Adapter 16201A (Keysight, Santa Rosa, CA, USA) and
the Spring Clip Fixture 16092A (Keysight, Santa Rosa, CA, USA) [40]. These fixtures are internally
compensated by impedance standard calibration in order to take into account the electrical length
path and the impedance variations caused by parasitic elements. The measurements of R and XL

obtained from the three sleeve ferrite cores with this setup are shown in Figure 7. Figure 7a shows the
magnitude of the impedance measurement in which the most effective range of EMI suppression in
the NC sleeve ferrite core compared to the ceramic cores analyzed can be observed. This minigraph
shows that MnZn provides the higher impedance from 0.88 MHz to 2.73 MHz and NiZn offers a more
effective behavior from 91.61 MHz, whereas in the rest of the frequencies, NC sleeve ferrite yields
the best performance. If this data is compared to the permeability traces, it is possible to observe a
correlation between both characterization methods, since MnZn provides a greater response than
NC within a similar frequency region, which is shown in the permeability graph. With regard to the
comparison between the NC and NiZn sleeve ferrite core, NC shows a higher impedance value of up
to 91.61 MHz. At this frequency value, the inductance component of the analyzed NC sleeve ferrite
core reaches negative values that match the SRF point. Consequently, the capacitive component of the
core generates a degradation in the impedance performance, reducing it sharply with respect to NiZn
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sleeve ferrite core. In Figure 7b–d, the resistive (R) and inductance (XL) components can be observed
in order to know the contribution of each of them related to the total impedance. As described above,
the studied sleeve ferrites show higher values of XL within the low-frequency region; however, these
become less important as the frequency increases if compared to the R component. The resonance
frequency of MnZn and NC cores is located at 2.02 MHz whereas the resonance frequency of NiZn is
located above 200 MHz.
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Figure 7. Impedance measurements of the NC, MnZn and NiZn sleeve ferrites winding around them
1 turn: (a) Magnitude impedance of three cable ferrites; (b) NC R and XL impedance components;
(c) MnZn R and XL impedance components; and, (d) NiZn R and XL impedance components.

The impedance traces obtained by winding two turns into the sleeve ferrite cores are shown in
Figure 8. The increase of the number of turns generates higher values of the impedance magnitude
in the three traces and causes a shift in the cross points of different sleeve ferrite traces. Therefore,
NC provides the best performance up to 0.76 MHz, as well as in the frequency region from 2.75 MHz
to 68.10 MHz. If the 10 MHz frequency point is taken as a reference, the values of the three traces have
been increased about four times (the number of turns squared). Specifically, in the case of NC from
159.9 Ω to 651.2 Ω, MnZn 55.3 Ω to 227.0 Ω and NiZn cable ferrite from 100.9 Ω to 415.9 Ω.
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From this data, the phase angle, which is defined by the angle whose sine is XL/R (φ) can be
represented. In this way, it is possible to determine the behavior of a certain sleeve ferrite core by
means of studying its phase: when it corresponds to 90◦, the ferrite core works as a pure inductor,
whereas for 0◦, it works as a pure resistor. If the phase reaches negative values, the sleeve ferrite core
reduces its EMI suppression ability due to the fact that it is starting to show a capacitive and undesired
behavior. Figure 9a shows the course of the phase angle of NC sleeve ferrite cores that can be used as a
frequency response indication and it can be compared with the ceramic sleeve ferrite cores. Note that
in the NC case, the phase angle goes from 68◦ to 0◦ in the frequency range 0.01–72.50 MHz for one
turn and 0.01–33.13 MHz for two turns. NC becomes more resistive than the other sleeve ferrites at
lower frequencies and the transition between inductive and resistive behavior is less abrupt, since
the phase of MnZn goes from 90◦ to 0◦ in the frequency range 0.01–2.52 MHz, matching for one and
two turns and, in the case of NiZn, it crosses 0◦ at 94.55 MHz for two turns and beyond this frequency
point, for one turn. Thus, it is possible to observe the broadband effectiveness than can provide the NC
sleeve ferrite core in relation to ceramic ones.
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These graphs also allow one to determine from which frequency value the phase angle of each
sleeve ferrite becomes negative and, therefore, the component shows a capacitive behavior. As it has
been described, in the case of MnZn, this frequency value corresponds to the fm, whereas for NC
and NiZn, it is possible to observe that the phase angle trace crosses 0◦ at a lower frequency value,
which demonstrates their complex relative permeability traces. This effect is caused by the shift of
the SFR due to two factors: (a) the stray capacitance added to the sleeve ferrite response when the
cable is winding it and (b) due to the self-resonance produced by the sleeve ferrite core dimensions
(with smaller cores of the same material, the SFR appears at a higher frequency value). Therefore,
the impedance magnitude is increased by winding a higher number of turns around the sleeve ferrite
core but, at the same time, the effective frequency range is reduced.

In order to validate the impedance used to characterize the novel NC and ceramic sleeve ferrite
cores, in Section 4, this data is compared with the impedance calculated from the relative permeability
through the quasi-static model from the real and imaginary permeability components and the dimension
of the sleeve ferrite core [13]. Generally, this model can be used for evaluating cores up to the SFR,
since beyond this frequency value, the static magnetic flux distribution can fluctuate. This deviation
could be because the core dimensions, saturation, core losses, and frequency-dependent magnetic
effects that are significant above the SFR are not being taken into account [24]. Equations (4) and (5)
show the link between the material permeability and dimensions of the sleeve ferrite core with the
impedance (inductance and resistance components):

L =
µ0µ

′N2A
`

(4)

R =
µ0µ

′′N2ωA
`

(5)

where µ0 is the permeability of the air, µ′ is the inductance permeability component, µ′′ is the loss
permeability component of the sleeve ferrite, ` is the effective magnetic path length of a toroidal core
(m), N is the number of turns of a cable to carry out the measurement, A corresponds to the toroidal
core cross-sectional area (m2) andω is the angular frequency.

3. Insertion Loss

The datasheets of sleeve ferrite core components generally only specify the impedance at several
frequency points or the graph of the magnitude of the impedance in the frequency range where
it is more effective. In contrast to this fact, other kind of EMC component datasheets, such as
common-mode-chokes, show the attenuation ratio or insertion loss in terms of decibels (dB) that are
able to provide. This is because the insertion loss that a sleeve ferrite core is able to yield is strongly
dependent on the impedance of the system in which it is placed besides its own impedance response.
Subsequently, the equivalent circuit approach to determine the insertion loss parameter of a certain
sleeve ferrite core, has to consider the source impedance (ZA) and the load impedance (ZB) of the
system with electromagnetic interference problems, as well as the impedance introduced by the ferrite
core in that system (ZF) [27]. The equivalent circuit diagram employed to determine this impedances
relation and analyze the effect of introducing a sleeve ferrite core into a certain system is shown
in Figure 10.
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parameter of a sleeve ferrite core when it is introduced into a system.

According to this diagram, when the system impedance is known, the insertion loss (A) in terms
of decibels can be calculated through the Equation (6) from the impedance of the sleeve ferrites (ZF)
shows in Section 3:

A(dB) = 20 log
(

ZA + ZF + ZB

ZA + ZB

)
(6)

It can be observed that for a given source and load impedances, increasing the impedance of the
cable ferrite will increase the insertion loss. This theoretical insertion loss is used as a reference value
to evaluate the experimental insertion loss measured through emulating the equivalent circuit diagram
shown in Figure 10. In order to carry out the performance of the sleeve ferrite core, it is considered
that the source and load impedance are known and the parameter of study is the impedance of the
sleeve ferrite core. Therefore, an experimental measurement setup based on generating controlled EMI
conducted emissions into a load with a stable impedance over the frequency range studied (from 150 kHz
up to 200 MHz) to determine the insertion loss of the NC sleeve ferrite core and compare it with the
insertion loss of ceramic cores. This setup takes as a reference the IEC 61000-4-6 standard (Testing
and measurement techniques—immunity to conducted disturbances, induced by radio-frequency
fields) and it consists of a continuous wave simulator (CWS) for testing conducted RF immunity within
a frequency range from 100 kHz to 230 MHz that emulates the electromagnetic conducted interferences.
This equipment is the CWS500N1 Continuous Wave Simulator (EM Test, Reinach, Switzerland) and
it provides a 50 Ω output impedance that represents the ZA in the insertion losses equivalent circuit
diagram. A coaxial cable connects the CWS500N1 to the CAL 801 (Ametek CTS, Reinach, Switzerland),
which is employed to ensure a 100 Ω load in the whole analyzed frequency range. This impedance,
together with the output impedance of the CWS500N1, represents a ZA = 150 Ω in the equivalent circuit
diagram. The other side of this diagram is formed by another CAL 801 that provides a 100 Ω load that is
connected to a spectrum analyzer N9010A (Keysight, Santa Rosa, CA, USA) with an input impedance of
50 Ω. Accordingly, the sum of these two impedances provides the impedance of ZB = 150 Ω. Both sides
of the equivalent circuit emulated (A and B) are connected by means of an AWG26 cable of 150 mm,
maintaining a distance of 35 mm from the ground metal layer that interconnects all the parts. This cable
simulates a reference line that can be characterized and employed to introduce the NC and the ceramic
sleeve ferrite cores into the setup to analyze how the emulated interferences are attenuated. Therefore,
a previous calibration measurement is first carried out in order to ensure the stability and linearity of
the system, generating a sinus frequency sweep with an amplitude of 140 dBµV. Once the reference
signal is obtained, the sleeve ferrite core is introduced into the reference line of the insertion loss setup
and the sinus frequency sweep is repeated. With these two measurements, it is possible to subtract
them in order to obtain the attenuation rate or insertion loss performance of each of the sleeve ferrite
cores and compare them in terms of decibels instead of impedance. Figure 11 shows the measurement
setup described implemented inside an anechoic chamber.
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Figure 11. Experimental measurement setup for characterizing NC and ceramic sleeve ferrite cores in
terms of decibels.

4. Results and Discussion

This section is focused on analyzing the insertion loss measured with the experimental setup
described above and comparing the performance of the novel NC sleeve ferrite core with those of MnZn
and NiZn cores in terms of the attenuation ratio. As it has been explained, the characterization of sleeve
ferrite cores in the high-frequency region presents some difficulties that can result in a reduction in the
measurement accuracy beyond some tens of Megahertz. This is generally due to internal factors such
as the influence of the measurement setup (length of the cable used as a reference line or the stability of
the source and load impedances depending on the frequency) and external factors (isolation of external
interferences). For this reason, firstly, a comparison between the data obtained mathematically from the
magnetic properties and the impedance response measurement of the sleeve ferrite core is contrasted.
This is carried out with the aim of verifying if the response obtained from the insertion loss setup
matches the behavior obtained from the permeability and impedance analysis. Therefore, Figure 12
shows the impedance of the novel NC sleeve ferrite cores together with the ceramic cores determined
from three different methods: (a) determined from the complex relative permeability components,
(b) directly measured and (c) computed from the insertion loss measurement setup and extracting
the ZF parameter through Equation (6). As can be observed in the case of the novel NC sleeve ferrite
core, the traces both in the characterization with one and two turns wound from low frequencies
up to the resonance point. From this point, at which the SFR occurs, the trace calculated from the
relative permeability continues increasing, unlike the other two traces. This is due to the features
of the sleeve ferrite selected, since the impedance values obtained from the permeability equations
are only validated up to the resonance point. With regard to the ceramic cores, in the case of MnZn,
the traces match up to the frequency of about 70 MHz, where the red traces (direct measurement of
the impedance) shows a resonance that can be generated by the impedance of the cable used for the
characterization. This effect is only shown in this sleeve ferrite core because, in the high-frequency
region, its impedance is similar to the cable impedance and the influence of this can be observed.
The NiZn sleeve ferrite core shows a more significant difference than NC in the low-frequency range
where it does not have a good performance, but it represents the best fit between the three traces in
the high-frequency region because this core has the SFR point beyond 200 MHz considering one turn
wound and about 100 MHz considering two turns.
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Figure 12. Comparison of the impedance obtained from three different procedures considering one
and two turns wound around the sleeve ferrite core: measuring it directly, mathematically from the
relative permeability and extracted from the experimental insertion loss. (a) NC sleeve ferrite core;
(b) MnZn sleeve ferrite core; and, (c) NiZn sleeve ferrite core.
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Thus, it can be deduced that the measurements obtained with the insertion loss setup can be
considered since this method is able to provide accurate measurements with lower influence on the
cable used as reference line than the impedance measurement method. Furthermore, with this setup,
it is possible to determine the ability of the NC sleeve ferrite core in relation to the widely used MnZn
and NiZn cores to suppress electromagnetic noise in cables in the frequency region from 100 KHz to
200 MHz. Therefore, the performance of the three sleeve ferrites characterized in Section 2 can be
studied with the aim of determining their ability to filter conducted EMI in terms of decibels instead
of the impedance. The theoretical insertion loss parameter is calculated as it has been described in
Section 3, this is from the magnitude of the impedance (ZF) of each sleeve ferrite and also, considering
the source and load impedances of the system where it is placed. The impedances selected to represent
the source and load are defined by the IEC 61000-4-6 standard, taking ZA = ZB = 150 Ω. The sum of
these parameters represents a total impedance of 300 Ω; therefore, the sleeve ferrite core must provide a
huge value of impedance to obtain an insertion loss higher than three dB. The three sleeve ferrite cores
analyzed in this contribution are able to provide values closer to 200 Ω in the case of NC and NiZn and
100 Ω in the case of MnZn (winding one turn). Thus, the results shown in Figures 13 and 14 could be
taken as a reference in those systems that present a high load and source impedance. Subsequently,
Figure 13 shows the insertion loss parameter measured by means of the experimental setup described,
winding one turn around each sleeve ferrite core. As is shown in the impedance data, the novel NC
sleeve ferrite core is able to provide a better performance than ceramic cores in most of the analyzed
frequency range. It is only surpassed by the MnZn core in the frequency range at which it provides
the peak attenuation ratio (0.72–2.62 MHz). The NC core also yields a greater response than NiZn
in the low- and medium-frequency region analyzed since it is able to provide a higher attenuation
ratio than NiZn up to 78.65 MHz. From this frequency value, the insertion loss provided by the NiZn
sleeve ferrite core keeps increasing to reach a value close to 5 dB at 200 MHz, whereas NC begins to
lose effectiveness.
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Figure 13. Comparison of the experimental insertion loss determined for NC, MnZn and NiZn sleeve
ferrite cores by winding one turn.

The same comparison is shown in Figure 14, but in this case, the sleeve ferrites are wound with two
turns. By winding by two turns, it possible that the NC and NiZn cores are able to provide attenuation
rates higher than 10 dB. The predominance of each sleeve ferrite core for the analysis of two turns
winding is very similar to the obtained for one turn, since MnZn yields a slightly better response than
NC around its resonance frequency, whereas NC improves the MnZn performance below 0.59 MHz
and beyond 2.62 MHz. If the novel NC sleeve ferrite core is compared to the NiZn core, the first is able
to provide significantly greater performance up to 44.40 MHz. At this frequency value, the resonance
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is produced in the NC sleeve ferrite core, providing the higher value of attenuation (11.31 dB) and
starting to reduce its effectiveness. NC and NiZn traces cross at 76.28 MHz, indicating that beyond this
frequency point, NiZn is able to more effectively filter the interferences in the high-frequency region of
the whole characterized conducted range. It is important to note that by winding for two turns for
the sleeve ferrites, they have improved in a similar way their performance, providing a maximum
insertion loss between 2.24-times and 2.90-times greater. Nevertheless, it is possible to observe the
drawbacks of this technique in the traces of the NC sleeve ferrite core, since the maximum peaks of
attenuation have shifted to about 12.30 MHz. This shift is not shown in the MnZn trace because the
resonance observed for this material is due to the ferromagnetic resonance defined by the magnetic
features, not for the SFR.
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Figure 14. Comparison of the experimental insertion loss determined for NC, MnZn and NiZn sleeve
ferrite cores by winding two turns.

As has been described, the insertion loss provided by a certain sleeve ferrite core is not only
dependent on its intrinsic properties but also on the impedance of the line where it is placed. Therefore,
it is possible to obtain the insertion loss of the analyzed sleeve ferrite cores through determining their
impedance from the insertion loss data measured with the setup described in Section 3. This is carried
out by extracting the ZF parameter from Equation (6), by knowing the insertion loss (that has been
measured and represented in Figures 13 and 14) and ZA and ZB (the sum of both represents 300 Ω).
This ZF can be evaluated together with other impedance values of the system impedance (ZA + ZB) by
using Equation (6). Figure 15 shows the performance of the NC sleeve ferrite core compared with the
ceramic cores, considering a system impedance of 10 Ω (continuous traces) and 100 Ω (discontinuous
traces). This computed insertion loss has been obtained considering the impedance of the three different
sleeve ferrite cores after winding only one turn. Note that, the efficiency of the sleeve ferrite cores has
doubled in the system with 100 Ω and multiplied by six, reaching the 26.61 dB as a maximum value in
the case of NC, when a system with an impedance of 10 Ω is considered.
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5. Conclusions

Considering the results presented, the suitability of the novel NC sleeve ferrite core prototype in
comparison with MnZn and NiZn ceramic cores is validated since it is able to provide a broadband
EMI filtering solution in the frequency region studied. Whereas MnZn provides higher attenuation
only in the frequencies near to its resonance peak (about 1.8 MHz with a bandwidth of 2.0 MHz),
NC yields a great insertion loss throughout the frequency band from 100 KHz to 100 MHz. Regarding
the high-frequency region (from 50 MHz), the NiZn sleeve ferrite core provides similar results to the NC
solution, achieving a better performance between 78.65 MHz and 76.28 MHz for winding by one and
two turns, respectively. In terms of attenuation, the performance of three sleeve ferrites was evaluated
through a measurement setup that considers a system with 150 Ω of source and load impedance. The
results obtained were compared with those obtained from the measurement of the relative permeability
and by directly measuring the impedance and showed good agreement. Thus, the insertion loss
measurement setup provides results that can be considered in order to analyze the performance of the
NC sleeve ferrite core compared with the ceramic cores.

Therefore, considering all the data presented in this contribution, it is possible to conclude that
the novel NC sleeve ferrite core prototype represents an EMI filtering solution to reduce the conducted
interferences in the low- and medium-frequency regions (up to 50 MHz). If the EMI disturbance is
located specifically in the region covered by MnZn or from 50 MHz, a ceramic core that provides
similar performance to that of the NC one may be used. Nonetheless, if the EMI interferences are
distributed outside of these regions or from the low-frequency region up to about 100 MHz, the NC
sleeve ferrite core shows a better performance than ceramics to reduce EMI emissions in a wideband
frequency range.
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