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Abstract�This paper offers an effective, accurate, and simple
method for permittivity and permeability determination of an
LTCC (low temperature cofired ceramic) ferrite sample. The
presented research can be of importance in the fields of ferrite
component design and application, as well as for RF and micro-
wave engineering.
The characterization sample is a stack of LTCC tapes for-

ming a toroid. Commercially available ferrite tape ESL 40012
was used and standard LTCC processing was applied for the
sample fabrication. For the first time, the electrical properties
of a ferrite toroid sample of ESL 40012 LTCC ferrite tape
is presented at various frequencies. The electrical properties
of LTCC ferrite materials, permittivity and specific resistivity,
are shown in a frequency range from 10 kHz to 1 MHz using
the capacitive method. The hysteresis properties of this mate-
rial are also determined. B-H hysteresis loops were measured
applying a maximum excitation of 2 kA/m and frequencies of
50 Hz, 500 Hz, and 1000 Hz.
Permeability is determined in the frequency range from 10 kHz

to 1 GHz and a characterization procedure is divided in two
segments, for low and high frequencies. Low frequency measure-
ments (from 10 kHz to 1 MHz) are performed using LCZ meter
and discrete turns of wire, while a short coaxial sample holder
and vector network analyzer were used for the higher frequency
range (from 300 kHz to 1 GHz).
In addition, another important factor required for the practical

design of devices is presented, the temperature variation of the
permeability dispersion parameters.

Keywords�LTCC ferrite tape, permeability, permittivity,
specific resistivity�

INTRODUCTION

Low temperature cofired ceramic (LTCC) technology has
become one of the key technologies for the fabrication

of integrated passive devices. Multilayer chip LC filters,
multilayer hybrid circuit devices, and chip beads have been
introduced in recent years, expanding the family of inductive
multilayer devices [1].
As a result of the expansion of devices, the characteriza-

tion of the electric and magnetic properties of LTCC ferrite

material is very important for component design. Knowledge
of these parameters can be crucial in circuit design and wave
transmission calculations. These materials have many impor-
tant properties and require different measurement methods for
their characterization.

In addition, ferrite materials have extremely nonlinear
properties, and a great deal of information can be learned about
the magnetic properties of a material by studying its hysteresis
loop. There are various methods to determine the hysteresis
loop, for example, as shown in Nakmahachalasint et al. [2] and
in Tellini et al. [3].

Ferrite’s permeability measurements are necessary for
engineers to design and choose ferrite properly. The induc-
tance of ferrite core inductors depends not only on the num-
ber and geometry of the winding wires, but also on the
permeability of the ferrite core. However, at high frequen-
cies, direct measurement of permeability is difficult. The
commonly used methods for magnetic material determination
are the transmission/reflection method [3-10], the equivalent
circuit model method [11, 12], and the resonant method [13].
In Naishadham [11], the frequency dependent RLC equiva-
lent circuit parameters (impedance, resonant frequency, reso-
nant impedance, and quality factor), as well as the effective
permeability of the ferrite core, are extracted from the mea-
sured values. It is assumed that the capacitance of the equiv-
alent circuit does not vary with frequency. The impedance
measurement is accomplished using an impedance analyzer.

Another extraction method, presented in Yu et al. [12],
requires the assumption that the inductance of the equivalent
circuit does not change significantly with frequency when
the frequency is lower than the roll off frequency of core perme-
ability. The equivalent circuit parameters of the inductor
are derived by measuring the resonant frequencies of two
different inductor circuits where the resonant frequencies
are close to each other. Due to the assumptions mentioned
above, the upper frequency limitation of this method is the
inductor’s self-resonant frequency. The measurements must be
accomplished using both a network analyzer and an RF LCZ
meter. When the relative permeability in the high frequency
range extended to 1 GHz or even higher has to be determined,
a vector network analyzer (VNA) and an appropriate coaxial
sample holder is used acting as a measurement setup [14, 15].
A simple experimental method to determine the initial com-
plex permeability of the toroidal ferrite core using custome
designed fixtures is introduced. With the ferrite core installed
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in a shorted coaxial line, the fixture forms a one turn inductor
coil or a shorted transmission line with distributed parameters.
The relative permeability of the ferrite can then be extracted
from S11 of the coaxial test holder with the aid of the vector
network analyzer. In addition, the described detailed compensa-
tion process is similar to the method presented in Agilent Tech-
nologies [16]. A coaxial measurement cell usually consists of
a specially shaped composite geometry partially filled with a
material sample [17, 18]. Coaxial discontinuity structures are
widely used as an element of microwave devices and are
commonly used in the permeability and/or permittivity measure-
ment for materials.

Intrinsic complex permeability is the critical parameter
for the optimization of design, especially for high frequency
applications. In order to achieve better performance of ferrite
components, the possibility of their production in LTCC
technology is quite attractive from a system design and
manufacturing point of view. For the design of ferritic com-
ponents such as EMI suppressors, it is important to be famil-
iar with the real and imaginary part of the complex
permeability. In Wahlers et al. [19] and in Bielawski [20],
the frequency variation of the complex permeability modulus
of ferrite tape ESL 40010 is demonstrated, but variation of
the real and imaginary part of the complex permeability is
not shown. Blaž et al. [21] present frequency variation of the
real and imaginary part of the complex permeability of fer-
rite LTCC materials.

Blaž et al. [22] present the hysteresis properties, the
estimated effective anisotropy field HA, the saturation mag-
netization MS, and the temperature dependence of perme-
ability dispersion parameters for LTCC ferrite material
(ESL 40012) which, to the best of the author’s knowledge,
did not exist at that time in the available literature. This
paper is an improved version of Blaž et al. [22], and for the
first time presents the electrical properties of ESL 40012
tape material.

Sample fabrication and material structure are given in
the next section. In the following section, measurements
of the electric properties for the LTCC ferrite sample are
presented. The section after that presents the determination
of the hysteresis loop of the fabricated sample. The follow-
ing section presents the experimental technique for measur-
ing the complex permeability of the toroidal sample in the
frequency range from 10 kHz to 1 GHz. After that, the
next section presents the determination of the permeability
dispersion parameters for ferritic LTCC tape ESL 40012.
The last section is Results and Conclusions.

SAMPLE FABRICATION AND MATERIAL STRUCTURE

The sample was fabricated using the standard LTCC
technology following all conventional steps. Commercial
ferrite tape ESL 40012 [23] was used for the sample fabrica-
tion and the tapes were structured by means of laser
micromachining, laminating, and cofiring the stack of 62
LTCC tape layers. Isostatic lamination of the collated layers
was performed at a pressure of 140 bar for 5 min. Firing of the
laminated stack was conducted in a high temperature box
furnace at a peak temperature of 885�C and a total firing
cycle time of 16 h. The finalized sample is presented in Fig. 1.

The dimensions of the ferrite sample are: inner diameter 4 mm,
outer diameter 6.6 mm, and height 3 mm.

Validation of the structures was performed by optical and
electron microscopy. The surface scan shown in Fig. 2 was
done by optical microscopy. As can be seen, the glass matrix
of the ferrite tape is only partially dissolved at 885�C and some
grains have not been fully formed.

Scanning electron micrographs of ESL 40012 LTCC ferrite
samples at a magnification of 10000· show grain size,
as shown in Fig. 3(a), and the wider view at 1000· is shown
in Fig 3(b). As can be seen from Fig. 3(a), the grain size in
the sintered ferrite sample varies from 851 nm up to 1.94 mm.

MEASUREMENTS OF ELECTRIC PROPERTIES FOR

LTCC FERRITE MATERIALS

The electric properties of ferrite materials play an impor-
tant part in many electronic applications. For example, electri-
cal conductivity promotes eddy currents and prevents high
frequency fields from penetrating appreciably below the
surface. The permittivity affects the applicability of ferrites to
microwave techniques.

It was shown in Heck [24] that the bivalent ferrous ion,
when associated in a spinel lattice with the trivalent ion, can
substantially lower the resistance. This is to be attributed to
the fact that in the spinel lattice, an interchange of electrons
can take place very readily between the Fe2þ and Fe3þ ions.

Fig. 1. Toroidal samples formed by 62 layers of ESL 40012 LTCC ferrite tape.

Fig. 2. Surface scan of ESL 40012 LTCC ferrite samples.
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Therefore, ferrites which are to have high electrical resistance,
must be free from magnetite.
In previous work, a toroidal sample was used for per-

meability measurements. Same sample, now, was used for
bothpermittivity and specific resistivity measurements. On
both sample surfaces, silver paste was applied, as shown in
Fig. 4.
The capacitance of the sample was measured (LCZ meter,

HP 4277A), and using eq. (1), the permittivity e0r was
determined

e0r ¼
Cd

e0ðr22 � r21Þp
ð1Þ

where d is the distance between the plates, C is the capacitance
of the sample, e0 is the vacuum permittivity, r2 is the outer
radius, and r1 is the inner radius, as shown in Fig. 5.
The actual calculated values of permittivity for our sample

are shown in Fig. 6.

It has been known that ferrites have a high permittivity that
depends strongly on frequency. Permittivity slowly decreases
from 6200 at 10 kHz to 5800 at 200 kHz. Above 200 kHz, the
permittivity falls rapidly from a value of 5800 to 490 and
lower.

Fig. 3. SEM micrographs of LTCC ferrite samples: (a) 10,000· magnifica-
tion showing grain size, and (b) 1000· magnification.

Fig. 4. LTCC ferrite sample prepared for permittivity and specific resistivity
determination.

Fig. 5. Cross section of LTCC ferrite sample.

Fig. 6. Characteristic of permittivity versus frequency.
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Using the same LCZ meter, the reactance R of the sample
was measured. Employing eq. (2), the specific resistivity r of
the sample was calculated

� ¼Rðr22 � r21Þp
d

; ð2Þ

where d is the distance between the plates, r2 is the outer
radius, and r1 is the inner radius, as shown in Fig 5.

The calculated value of the specific electrical resistance of
ferrite depends on the measuring frequency as shown in Fig. 7.

It has been found that the permittivity of Ni-Zn ferrite
followed much the same course with changing frequency as
electrical resistance, that is, it dropped with rising frequency
down to a very small value.

The electrical resistance at 200 kHz is only one-eighth of the
DC resistance. This resistance drop, which is associated with a
similar decrease in permittivity, has led to the proposed ferrite
model: ferrite particles are supposed to be individually
conducting, relatively speaking, but separated by layers of
lower-conductivity material.

DETERMINATION OF HYSTERESIS LOOP

The complex magnetic permeability and hysteresis charac-
teristic are key parameters that determine the properties of
ferrite components.

The magnetic permeability of ferrite materials is not con-
stant, because the relation between the vectors of magnetic
induction B and magnetic field H is not linear. The magnetic
induction and magnetic moment density of ferrite are not
solely a function of the magnetic field strength and do not
depend only on the value of field strength at the time of obser-
vation, but also on the strength of the field to which
the material was previously exposed. This inherently ferro-
magnetic phenomenon is called hysteresis. Hysteresis can be
thought of as a loop formation process. In that meaning,
looping is the formation of closed paths in the B-H plane.

In this paper, B-H hysteresis loops were measured by the
Brockhaus Tester MPG 100 D (the system meets the require-

ments of IEC and ASTM and GB standards). The maximum
excitation was Hm ¼ 2 kA/m using frequencies of 50 Hz, 500
Hz, and 1000 Hz.

The measured hysteresis loops are depicted in Fig. 8 and
the relevant numerical values are presented in Table I. As can
be seen from Fig. 8, the width of the hysteresis loop expands
with an increase in frequency.

PERMEABILITY MEASUREMENT

The measurement of complex permeability ð�r ¼ �0
r � j�00

r Þ
will be discussed from two aspects: the frequency range and
the applied measurement method.

A. Low Frequency Measurement

Low frequency (10 kHz to 1000 kHz) measurement was
performed using an LCZ meter (HP 4277A) and discrete
wire turns [15].

The ferrite core with an area of cross section S and an
average magnetic path length ls, Fig. 5, provided with a wind-
ing of N turns, can be treated as an impedance jZ j with phase
angle Y and inductance Ls. The complex permeability of
the test sample can be calculated from the following equations.

Fig. 7. Specific resistivity versus frequency.

Fig. 8. Hysteresis loops at various frequencies.

Table I
Characteristic Parameters of LTCC Ferrite Samples Obtained from Hysteresis

Loop

Frequency (Hz) Hmax (A/m) Bs (mT) Br (mT) Hc (A/m)

50 500 291 157 58
1000 313 162 59
2000 329 163 60

500 500 290 163 62
1000 313 172 66
2000 327 177 69

1000 500 292 166 63
1000 313 178 68
2000 327 184 74
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mr ¼
lðLs0 � LsÞ
m0SN2

; ð3Þ

mi ¼
lð Zj j cosY� Z0j j cosY0Þ

m0oSN2
; ð4Þ

where jZ0 j, Y0, and Ls0 are parameters measured without the
ferrite core, and jZ j, Y, and Ls are parameters measured with
the ferrite core. The real and imaginary part of the permeability
at low frequency are shown in Fig. 9.
This approach has some disadvantages. First, since the

measurement is based on a handmade inductor, measurement
results are affected by the winding procedure that was used.
If many core samples are measured, repeatability can be
a problem due to variation of coil winding.

B. High Frequency Measurement

The most commonly used method for high frequency
measurement of complex permeability is the coaxial line
method [14, 15].
For higher frequency measurements, we used the E5071B

Agilent Technology vector network analyzer with the coaxial
sample holder, which consists of a conductive shield surround-
ing the central conductor, and terminates with short circuit,
as can be seen in Fig. 10. This holder has a 50 O characteristic
impedance and is terminated with a standard APC-7 connector.
The medium between the inner and the outer conductor of
the cell is air. The height b of the outer conductor is 24.5 mm,
which obeys the condition b < l/4 for maximum frequency
( f ¼ 1 GHz) in order to avoid the l/4 resonance effect.
The coaxial sample holder (with and without the sample)

is connected to the calibrated network analyzer via the 50 O
coaxial cable. The analyzer supplies an electromagnetic wave
propagating in transverse electromagnetic (TEM) mode.
The reflection coefficient is measured, permitting the deter-
mination of the input impedance of the cell with the sample.
The equation for determination of the complex permeability
of the holder equipped with the test sample is derived else-
where [21, 25], and is shown in eq. (5)

~�r ¼ 1þ~� ¼ 1þ
~Z �~Zair

� �

jh � �0 � f � ln d2
d1

� � ; ð5Þ

where d1 and d2 denote the inner and outer diameter of
the toroid, respectively, h is the height of the toroid, and f is
the frequency of the applied electromagnetic field. Therefore,
the complex permeability is calculated from the difference
between the impedance of the cell loaded with the toroidal
sample and without it.

Complex permeability is calculated from the measured S
parameters using eq. (5). The real and imaginary parts of ESL
40012 permeability are depicted in Fig. 11.

The maximum value (700) of the the real part of the
permeability is found at 2.1 MHz. The imaginary part of
the permeability reaches its maximum value (330) at 7MHz.
The intersection of these two characteristics is at 9.3 MHz.

The permeability modulus is presented in Fig. 12 and its
peak is 708 at 2.5 MHz. Using eq. (6)

tgd ¼ m00r
m0r

; ð6Þ

the loss tangent is calculated and presented in Fig. 13.
The results in Fig. 11 (measured by VNA) have good agree-

ment with characteristics presented Fig. 14 (measured by
LCZ), in the frequency range from 300 kHz to 1 MHz.

Based on the permeability model for the demagnetized state
proposed by Schlomann [26] for the demagnetized state, the
anisotropy field HA and the saturation magnetization MS can
be calculated with eqs. (7) and (8).

HA ¼ 2p � fgyromagnetic

m0 � �
; ð7Þ

Fig. 9. Real and imaginary part of relative permeability at low frequency. Fig. 10. Cross section of the sample holder with toroidal sample.
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MS ¼ 3

2
ðmr � 1Þ � HA: ð8Þ

Here fgyromagnetic is the gyromagnetic resonance frequency,
g is the gyromagnetic ratio (g ¼ 1.8 · 1011 Hz/T), and mr is
the permeability of the demagnetized ferrite at frequencies
well below the resonance frequency [27]. The magnetic per-
meability mr was measured at frequencies well below the
gyromagnetic resonance frequency fgyromagnetic and its value
is 700. The gyromagnetic resonance frequency at which the
losses become maximal is 7.8 MHz, as determined from
Fig. 11.

Estimates of the effective anisotropy field HA and the satu-
ration magnetization MS were derived from the measured
values by eqs. (7) and (8) according to Schlomann’s model
for demagnetized ferrites with ideal domain configurations.
The results are summarized in Table II.

The saturation magnetization values lie in the expected
values of about 200-300 kA/m. Large-field measurements in

a Brockhaus Tester indeed verified the saturation magnetiza-
tions within the stated range so that the model assumptions
are fulfilled.

TEMPERATURE VARIATION OF PERMEABILITY

DISPERSION PARAMETERS

Temperature variation of the permeability is another impor-
tant factor in the practical design in some devices such as

Fig. 12. Permeability modulus of the ferrite tape ESL 40012. Fig. 14. Comparison between measured and fitted permeability data for ESL
40012 at room temperature.

Fig. 11. Real and imaginary part of relative permeability for ESL 40012. Fig. 13. Loss tangent of the ferrite tape ESL 40012.

Table II
Important Parameters of LTCC Ferrite Samples Obtained from Permeability

Characteristic

Material mr
fgyromagnetic

(MHz)
HA

(kA/m)
Ms

(kA/m)
Bs ¼ m0* Ms

(mT)

ESL 40012 700 7.8 216.66 220 276
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electromagnetic wave absorbers, which require performance
stability in outdoor use.
Many ferrite features depend on temperature variation such

as permeability. For this reason, additional permeability mea-
surements were performed in the same considered frequency
range, but at a variety of temperatures. The variation of the real
and imaginary part of the permeability spectra with tempera-
ture is presented elsewhere [21, 28, 29].
It is well known that permeability spectra of polycrystalline

ferrites can be decomposed into a spin rotational component
and a domain wall motion component. The real and imaginary
parts of permeability have been separated, and they can be
expressed as:

m0 ¼ 1þ
Kspin ores

spin

� �2

ores
spin

� �2

þo2

þ
Kdw ores

dw

� �2
ores
dw

� �2 �o2
� �

ores
dw

� �2�o2

� �2

þb2o2

; ð9Þ

m00 ¼ Kspinores
spino

ores
spin

� �2

þo2

þ Kdw ores
dw

� �2bo

ores
dw

� �2 �o2

� �2

þ b2o2

; ð10Þ

where o is the operating frequency, Kspin is the static spin
susceptibility, ores

spin is the spin resonance frequency, Kdw is the
static susceptibility of domain wall motion, ores

dw is the domain
wall resonance frequency, and b is the damping factor of the
domain wall motion.

Using the developed model, all dispersion parameters can be
determined by numerical fitting to specified curves. For faster
determination of dispersion parameters, special software was
developed.

As can be seen from the measured results and fitted charac-
teristics, there is a good match in the frequency range from
50 MHz to 1 GHz, implying the accuracy of the presented
model in this frequency range. The real and imaginary part
of measured and fitted characteristics intersect at the same
frequency, 9.3 MHz.

For further analysis with the proposed model, the dispersion
parameters are determined at various temperatures. Table III
shows the fitted values of the dispersion parameters that
coincide with the experimental curves given in Blaž et al. [21].

Spin and domain wall resonance frequency with tem-
perature, as shown in Figs. 15(a) and 15(b) decrease with

Table III
Permeability Dispersion Parameters of LTCC Ferrite Material for Spin and

Domain Wall Resonance at Various Temperatures

ESL 40012 Kspin ores
spin Kdw ores

dw b

@ 27
�
C 590 7 MHz 118 63.2 MHz 155.7 · 106

@ 50
�
C 591 6.5 MHz 118 60 MHz 150 · 106

@ 70
�
C 590.5 5.8 MHz 118 58 MHz 143.4 · 106

@ 100
�
C 580 3.9 MHz 115 38 MHz 70.8 · 106

@ 120
�
C 490 3.6 MHz 88 35 MHz 70 · 106

Fig. 15. Temperature dependence of: (a) spin resonance frequency ores
spin, (b) domain wall resonance frequency ores

dw, (c) spin susceptibility Kspin and (d) static
susceptibility of the domain wall motion Kdw, for the LTCC sample.
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increase of temperature. Figs. 15(c) and 15(d) present the
temperature dependence of spin susceptibility Kspin and static
susceptibility of the domain wall motion Kdw. As can be seen
from the characteristics, the values decrease rapidly beyond
a temperature of 100�C. A similar trend for these param-
eters is shown in Tsutaoka et al. [28]. However, although
Ni-Cu-Zn ferrites have successfully been produced for multi-
layer inductors, there are still unresolved issues that require
further investigation, for example, stresses of internal wind-
ings, compatibility with Ag, silver mobility in the ferrite, and
others [30].

DISCUSSION AND CONCLUSION

In this paper we present both electrical and magnetic pro-
perties of commercially available LTCC tape of soft ferrite
material. For the first time, the electrical properties of a
ferrite toroid sample of ESL 40012 LTCC ferrite tape, at
various frequencies, is shown. The toroidal sample was fabri-
cated using conventional LTCC technology of 62 LTCC
tape layers. Permittivity and specific resistivity of the toroid
sample was determined in the frequency range from 10 kHz
to 1MHz. The permeability in the frequency range of 10 kHz
to 1 MHz was measured on a wire-wound toroid using an
LCZ meter. For frequencies of 300 kHz to 1 GHz, the toroid
was measured with a vector network analyzer and a coaxial
sample holder. The obtained permeability results show good
agreement when they are compared with the manufacturer’s
data sheet (permeability at 100 kHz is higher than 450).
Permeability dispersion parameters are determined by numer-
ical fitting of the obtained experimental results. Also, we
presented the temperature dependence of the permeabi-
lity dispersion parameters for better characterization of the
material.
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