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Abstract. The electromagnetic properties of a low temperature co-fired ceramic (LTCC) ferrite in the
microwave range have been determined by performing S-parameter measurements of a coplanar waveguide
(CPW) cell. An optimization procedure is used to minimize an error function that compares the measured
S-parameters to those obtained from electromagnetic simulations based on the spectral domain approach (SDA)
method in the saturated state. Using this method, the u and « parameters of the permeability tensor are
extracted. Other results in the demagnetized and partially magnetized states show a special LTCC-ferrite

behavior.

1 Introduction

The electromagnetic properties of magnetic materials are
essential for microwave passive component design.
Nonreciprocal passive components, such as isolator or
circulators, contain a ferrite core. The ferrite material can
be completely or partially magnetized by applying a d.c.
magnetic field. The permeability is an antisymmetric
tensor with components that depend on the physical
properties of the medium, and that vary relative to the
frequency and the d.c. applied field. Various models may
be used to describe the material’s electromagnetic
behavior. The simplest analytic expressions of the tensor
components were derived by Polder [1] for saturated
ferrites. Other, more complicated models exist for
partially magnetized states [2—6], but their implementa-
tion in a broadband frequency range is not convenient,
except for the last model which can be considered as the
“general permeability tensor”. The integration of micro-
wave passive components is an important issue for the
microwave electronic industry. However, classical ferrite
substrates do not provide an attractive solution for such a
system integration. The main disadvantage of classical
ferrite substrates is the use of external magnets as the
source for d.c. magnetic fields. This makes the design
bulky and difficult to integrate. On the other hand, the
production of passive components using ferrite material
has interesting prospects when using low temperature co-
fired ceramic (LTCC) technology. Several studies have
been carried out on a LTCC-ferrite for radio-frequency
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and microwave applications [7—9]. These designs show
promising results for tunable and reconfigurable applica-
tions but they rely on theoretical models for the
magnetostatic properties of the ferrite substrates. Thus,
it is essential that the magnetostatic properties of
the ferrite LTCC materials be measured to verify the
theoretical models being used. Different methods have
also been developed to obtain the dielectric permittivity
and magnetic permeability of ferrite materials. Some of
them only allow the measurement of the effective
permeability and not the tensor components [10], while
other methods can give the permittivity and components
of the permeability tensor [11,12]. It is worth mentioning
here that none of these papers discuss multilayer ferrite
LTCC substrates. In reference [13], a nonreciprocal
stripline is used to deduce the two main tensor
components (¢ and «) in a wide frequency range. There
is no simple analytical relation between S-parameters and
constitutive parameters (u, ¥ and ¢), thus a numerical
optimization procedure is used to match theoretical
S-parameters to the measured ones.

In the present work, the same concept is performed
on a coplanar waveguide (CPW) cell [14]. The
implementation is simpler and the S-parameter meas-
urements can be extended up to higher frequency bands.
The proposed CPW broadband method leads to the
measurement of two permeability tensor components of
the LTCC-ferrite substrate. In this paper, when the
LTCC is saturated, only the Polder model is imple-
mented as a first approach. Other permeability models
could be easily implemented in future work, if necessary.
Incidentally, the CPW structure used for the ferrite
material characterization could double as a tunable
microwave attenuator.
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Fig. 2. Magnetization curves at 20 and 100 °C.

2 Experiment

2.1 Measurement cell

The dimensions of the CPW (W=72 pm, S=40 pm) are
well suited to work in the operating frequency band of 1 —20
GHz (see Fig. 1). The LTCC-ferrite thickness is 1 mm. The
S-parameters are measured by a vector network analyzer
(VNA) using CPW probes with a classical OSTL
calibration procedure. The LTCC-ferrite used in this work
is ESL 40012 [14]. The magnetostatic and microwave
properties of this substrate were previously reported in the
demagnetized state only [7], using multilayer solenoidal
and toroidal multilayer transformers. The paper reports
saturation magnetization, coercive field and dielectric
constant values of 310 kA /m, 10 A/m and 14 (at 9.86 and
27.2 GHz), respectively. The characterization work was
carried out at room temperature.

In addition, hysteresis curves at 20 and 100 °C, measured
using the VSM technique, are shown in Figure 2 and display a
soft ferrite behavior. The curves indicate that this material is
quite sensitive to temperature and that the magnetization
significantly decreases at high temperatures.

2.2 Direct and inverse problems

Solving the direct problem consists of finding the S-
parameters from the cell dimensions and constitutive
parameters.

When the ferrite is saturated by a magnetic bias
along the y-axis, the Polder model yields the following

nw 0 —jk
=10 pn, 0 (1)
Jge 0 p
with
- wm(wg + jow)
(wy + jow)? — &?
B W
- (wy + jow)? — @?’
My =1,

and w,,=yuoM,, wy=yuoH; where H; is the internal
biasing field, M, is the saturation magnetization and « is
the damping factor.

Three permeability parameters, namely, u, x and f,,
which depend on M,, H; @ and the relative permittivity &, of
the LTCC-ferrite, must be found by an optimization
technique. A wideband optimization procedure is used to
find the frequency spectra of u and « by solving the inverse
problem over the entire frequency band by matching the
S-parameter magnitudes [12].

The Levenberg—Marquardt—More algorithm [15] is used
because it avoids stopping on local minima when the initial
parameters are well chosen. The error function, obtained
by comparing the measured S-parameters to the simulated
S-parameters (the latter obtained using the SDA method,
which is a method of moments in the spectral domain),
must be minimized by the optimization procedure.

_ Jmax ) 2
E(MS) - le(w;gﬁ S ] ij=12. (2

f min i,J

3 Results
3.1 LTCC-ferrite in the saturated state

The CPW feed line’s S-parameters, measured at two
different bias field strengths, 115 and 178 kA /m, are shown
in Figures 3 and 4, respectively. The d.c. magnetic field is
applied using an electromagnet. The close agreement that
is observed between the numerical and measured results
serves to validate the use of the Polder model.

The tensor permeability components u and « are shown
in Figure 5.

The material parameters that were extracted from the
optimization process are given in Table 1. The material is
confirmed to be in the saturated state despite its special
composition for compatibility with the co-fired ceramic
process. The results indicate that this LTCC-ferrite has
properties that are similar to other, saturated bulk ferrite
materials. The saturation magnetization (approximately
305 kA /m) is found to be in very good agreement with the
one obtained in reference [7] (310 kA/m). The internal
magnetic field is given by

H; = H) — N,Ms. (3)
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Fig. 3. S-parameters: comparison of the measured S-parameters
with the S-parameters calculated using the optimization process
(transmission parameters and refection parameters) with an
applied magnetic field of Hy=115 kA /m.
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Fig. 4. S-parameters: comparison of the measured S-parameters
and the S-parameters calculated using the optimization process
(transmission parameters and refection parameters) with an

applied magnetic field of Hy=178 kA /m.

The external applied d.c. magnetic field Hy is created by
an electromagnet with special poles to transversely apply the
magnetic field on the cell. Two applied field values of 115 and
178 kA/m were measured using a magnetometer. Using
equation (3), the demagnetizing factor N, is estimated to be
0.0293 and 0.0424, respectively. According to the sample
dimensions (15 mm X7 mm x 1 mm) and the work in
reference [16], these values seem to be correct, but more
accurate results can be obtained by using a magnetostatic
solver. Another source of error is the magnetometer that is
used for the external magnetic bias field measurement, which
has an accuracy of +1 mT or +0.8 kA /m. In addition, the
dimensions of the electromagnet poles can also distort the
(assumed) magnetic field uniformity inside the LTCC-ferrite
sample. The complete magnetic field biasing system should
be studied using a magnetostatic solver.
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Fig. 5. Components i and k of the permeability tensor with two
applied fields 115 and 178 kA /m, respectively.

Table 1. Material constitutive parameters obtained from
optimization.

H; (kA/m) M, (kA /m) o &
106.53 304.06 0.0468  14.91-j0.0107
165.87 305.27 0.030 14.23-j0.0102

Despite these issues, these preliminary results provide
important information. Table 1 indicates that the ferrite-
LTCC damping factor, although higher than that of garnet
ferrite, is still sufficiently low to permit the use of this
material in the microwave range, above the gyromagnetic
frequency band. An example of such an application is the
14.5 GHz microwave circulator with integrated coils [17].

3.2 LTCC-ferrite in nonsaturated state

In contrast, when the material is not in the saturated state,
other models must be used, as mentioned in references [8,9].
Figure 6 shows the measured transmission S-parameters of
the CPW cell when the material is in the demagnetized state.
Asexpected, high losses are observed up to 10 GHz, probably
due a wide band gyromagnetic resonance phenomenon.
Although the domain-wall relaxation phenomenon could
also be present, it usually appears at lower frequencies for
ordinary polycrystalline ferrites such YIG and spinel.
Accordingly, this demagnetized LTCC-ferrite could be
used as a wideband absorber up to 10 GHz. The lower
loss region above this frequency can be used to design other
practical microwave devices, as reported previously [8,9].
The transmission S-parameters of the CPW cell in the
partially saturated state are shown in Figure 7 with a low
applied field value of 19 kA /m. Losses generally decrease
at low frequencies when the bias field is applied, but two loss
peaks appear at 1.3 and 5 GHz in the transmission
parameter curves. The insertion loss between approximate-
ly 6and 7 GHz is substantially reduced under partial and
complete saturation, making this CPW structure a tunable

No-p3
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Fig. 6. Transmission S-parameters in the demagnetized state.

attenuator. Although wideband gyromagnetic resonance
phenomena appear to be present, no existing magnetic
material model can predict this electromagnetic behavior.
The available information given in reference [14] indicates
that this ferrite-LTCC is composed of a flexible cast film of
magnetic powder dispersed in an organic matrix, designed
to be fired at 885 °C to give a dense body. However, more
specific information regarding this particular LTCC-ferrite
material is required (composition of the magnetic particles,
size distribution etc.) to better understand its unique
frequency response as a function of the bias.

4 Conclusion

S-parameter measurements have been performed on a
CPW cell to characterize the material parameters of an
LTCC-ferrite sample. When saturated, the electromagnet-
ic behavior of the LTCC-ferrite can be predicted using the
Polder model, and its electromagnetic performance is found
to be similar to that of conventional ferrite materials. When
the LTCC-ferrite is demagnetized or partially saturated,
its behavior is unique compared to other ferrite materials,
with high losses appearing in the low-frequency region that
could be due to a wideband magnetic resonance and
perhaps a domain-wall relaxation phenomenon. Therefore,
LTCC-ferrite materials must be used in the saturated state
for the design of nonreciprocal components such as
circulators and isolators. This material is useful for high-
frequency applications that require high permeability and
can be used in the low-loss region for antenna applications
or inductance designs. In conclusion, the LTCC process
applied to ferrite materials is an important development
that allows new integrated microwave magnetic compo-
nents to be designed. Although dielectric LTCC layers
have been widely used to design complex compact
microwave devices, this technology now also offers high-
performance LTCC-ferrite material as well.
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