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To develop a common-mode noise filter for balanced-mode digital signal interfaces such as USB ver.2 and IEEE 1394, a
Mn-Zn ferrite/Polyimide composite thick film was fabricated and applied to the filter device. The polycrystalline Mn-Zn ferrite
powder and polyimide precursor liquid solution were used as the starting materials for the composite thick film. The composite
film had a large imaginary part of compl‘ex permeability at high frequencies over 1GHz, and high permittivity. The
common-mode noise filter using the composite film exhibited the common-mode suppression of over 10dB in the frequency

range over 1GHz.
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1. Introduction

The balanced-mode digital signal interfaces such as USB and
IEEE 1394 ' ® have been used for the signal interconnection
between various digital instruments such as personal computer,
digital camera, digital VCR and so on. Since such signal interfaces
have a balanced signal transmission-line consisting of a pair of
twisted conductor lines, the electromagnetic interference for the
ambient electronic apparatus becomes small enough. However,
when the signal source has an unbalanced component, the
electromagnetic radiation due to the unbalanced common-mode
current becomes large.

Tsuda et al. developed a coupled transmission-line common-
mode filter ®, which consisted of an alumina dielectric material
with a relative permittivity of about 10, and a pair of the inner
molybdenum spiral windings. For the common-mode signal, the
device exhibited a band stop filter characteristic with a center
frequency of 900 MHz and a bandwidth of 500 MHz. The narrow
bandwidth for the common-mode suppression was due to the very
small dielectric loss of the alumina material. Insertion loss for the
balanced mode signal was 3~8 dB. The large insertion loss for
the balanced mode signal was due to the weak magnetic coupling
between two spiral windings. The weak magnetic coupling was
owing to the nonmagnetic alumina material with  a relative
permeability of unity. ‘

The authors also reported a coupled transmission-line
common-mode filter using Ni-Zn ferrite substrate . Since the
Ni-Zn ferrite used in the device had a relative permeability of 10
and a relative permittivity of 10, the electromagnetic coupling
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between the conductor lines was expected to be stronger than that
of the device using nonmagnetic dielectric material. In addition,
since the magnetic loss of the ferrite was large at high frequencies
around or over 1 GHz, the wideband common-mode noise
absorption was also expected. However, since the previous device
was fabricated by the adhesion technique using the polyimide
precursor liquid solution, the device exhibited the deviated
characteristic from the designed one. This was owing to the
undesired thicker polyimide adhesion layer.

Recently, the authors have fabricated a composite film with
polycrystalline Mn-Zn ferrite particle and polyimide . The
composite film exhibited a large imaginary part of complex
permeability at high frequencies over 1GHz. In addition, the film
also had a high relative permittivity of several tens.

This paper describes a common-mode noise filter using the
Mn-Zn ferrite particle/polyimide composite thick film. By using
the composite thick film, it was easy to fabricate the common
mode noise filter without using the adhesion process. The filter
configuration, basic properties of the composite material, and
filter characteristics are shown in the next sections.

2. Common-Mode Noise Filter

2.1 Filter Configuration Fig. 1 shows a configuration
of a common-mode noise filter using the composite thick film.
The device had a pair of aluminum conductor lines embedded in
the composite thick film, an upper silver paste ground plane, and a
bottom aluminum substrate ground plane. As mentioned later, the
electrical ‘conductivity of the composite material was relatively
high. Therefore, to decrease the leak current between the
conductor line and ground plane, the inner aluminum lines were
coated with polyimide insulating thin layer.

2.2 Operation Principle Since the common-mode. filter



Silver paste ground plane

Aluminum substrate

Ferrite/polymide
80 um composite film
Polyimide film
L_ _J Aluminum conductor line
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Fig. 1. Common-mode noise filter using composite thick film with

Mn-Zn ferrite particle and polyimide
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Fig. 2. 'Equivalent circuit of common-mode noise filter

consists of the inner coupled aluminum lines between the top and
bottom ground planes, it functions as a coupled distributed
constant circuit. The detailed operation principle of the filter is
nearly the same as the previous device .

The equivalent circuit of the device is shown in Fig. 2, which is

shown as the coupled distributed constant circuit. In the figure, L

is the distributed line inductance, which is enhanced by the
magnetic material. The magnetic coupling coefficient between
conductor lines is represented as a symbol “k”. R is the distributed
series resistance. The upper and lower magnetic/dielectric
composite layers give rise to the distributed capacitance Cy; and
conductance Gy;. Cy, and Gy, are the distributed capacitance and
conductance between the inner two conductor lines. / is the length
of the inner conductor lines.

The equivalent circuits for the balanced-mode signal and
unbalanced common-mode signal are represented in Fig. 2(b) and
(c) @. The characteristic impedance Z, and propagation constants
y for both signal conditions can be written as follows;

. 1/2
_ R, + joL(1-k) e
Zy = : &)

Gy, +2Gy, + jo(C,, +2C,,)
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2 _{Rc+ja;f,(l+k)}”Z
* G]] +ja)Cl]

7o :[{Rb +wa(lv_k)}{Gll +2G, +ja)(C11 +2C12)}:|1/2

=q, +j/5'b ................................................................. (3)
Y= [{Rc + joL(1+ k)G, + ja)Cn}]m
= ac +jﬂc ................................................................ (4)

where Zy, and v, are the values for the balanced-mode signal, Z,
and vy, are the values for the unbalanced common-mode signal, ®
is the angular frequency, respectively. As mentioned later, since
G1>>Gyy, C11>>Cy in the fabricated device, Eqs.(1) and (3) are
approximated as follows;

7 ‘:{Rb +ja’l‘(1%k)}m ............................................ *)
@ G, + joC,

7 =[{R, + joL(1- k)G, + joC, } ]

The magnetic loss depends on the signal conditions. In case of
the balanced-mode signal, magnetomotive force (m.m.f.) becomes
small, which is due to the counter currents flowing in the inner
two lines. Therefore, the magnetic loss becomes small for the
balanced-mode signal. On the other hand, in case of the
unbalanced common-mode signal, m.m.f. becomes large, which is
due to the in-phase currents flowing in the inner two lines.
Therefore, the magnetic loss becomes large for the unbalanced
common-mode signal. Because of R.>> R, and 0 < k < 1, Z
becomes greater than Z;, and o, becomes greater than oy,

If the common-mode noise filter is used for 50Q) system of the
balanced-mode signal transmission, the noise: filter should have
Zg of 50 Q and small a, for obtaining small signal-reflection and
small signal-decay for the balanced-mode signal transmission. On
the other hand, the device should have large o, for the unbalanced
common-mode signal.

3. Mn-Zn Ferrite/Polyimide Composite Film

3.1 Fabrication Method Polycrystalline Mn-Zn ferrite
powder and polyimide precursor solution were used as the starting
materials for the composite thick film. The Mn-Zn ferrite powder
with a mean particle diameter of 3um had a saturation
magnetization of about 5 kG, a dc coercive force of about 49 Oe,
and a dc conductivity of 0.3 S/m. The polyamic acid solution with
a viscosity of 800 cp was used. The Mn-Zn ferrite powder and
polyamic acid solution with both same weights were mixed, and
degassed in vacuum.

The mixture slurry of the Mn-Zn ferrite powder and polyamic
acid solution was spun on the substrate by using a spin coater, and
cured at a temperature of 300 °C for 60 minutes. Since the
polyamic acid changed into the polyimide through the curing
process, the cured film became the Mn-Zn ferrite particle/
polyimide composite material.

3.2 Microstructure Fig. 3 shows a photograph of the
cross-sectional SEM observation for the composite thick film with
a thickness of 80um. A number of a few pm size grains were
dispersed homogeneously. Though not shown here, from result of
X-ray micro analyzer, Mn-Zn ferrite particles were dispersed
homogeneously without local concentration .

|EEJ Trans. FM, Vol. 124, No.1, 2004



Common-mode Filter

Fig. 3. Cross sectional SEM image of composite thick film

3.5kG
10 kOe 10 kOe
4nM= 2.58 kG
H=51.7 Oe
-3.5kG

Fig. 4. Typical static magnetization curve of composite thick film
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Fig. 5. Complex relative permeability of composite thick film
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Fig. 6. Complex relative permittivity of composite thick film
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3.3  Properties Fig. 4 is a typical example of the static
magnetization curve of the composite thick film, which was
measured by using a vibrating sample magnetometer (VSM). The
saturation magnetization was about 2.6 kG and coercive force was
about 52 Oe. The volume ratio of the ferrite particle in the
composite film, which was measured for ten samples, was
estimated to be about 51-60% from the saturation magnetization
measurement.

Fig. 5 shows the complex relative permeability of the composite
film. The real part of the complex relative permeability was about
6, and the cut off frequency was about 600 MHz. For a
comparison, Snoek’s limit line for the bulk Ni-Zn ferrite is shown
in Fig. 5. The cut-off frequency of the permeability measured for
the Mn-Zn ferrite/polyimide composite film exhibited the same
tendency as the Snoek’s limit line for the Ni-Zn ferrite. Therefore,
the composite film had the nearly the same high frequency
characteristic as the bulk Ni-Zn ferrite.

The complex relative permittivity of the composite film is
indicated in Fig. 6. The composite film had a relative permittivity
of over several tens, which was much greater than that of the
Ni-Zn ferrite. The high permittivity of the composite film was due
to a very large capacitance of the grain boundary in the
polycrystalline Mn-Zn ferrite particle ©.

Although not shown here, the composite film exhibited a dc
conductivity of 107 S/m @, which was 100 times higher than that
of Ni-Zn ferrite. This was due to the point contact between
neighboring high conductivity Mn-Zn ferrite particles ©.

4. Fabrication of Common-Maode Filter

A possibility of the application of composite material to the
common-mode filter was investigated. The device fabricated here
was not necessarily based on the optimum design. The photdgraph
of the fabricated device is shown in Fig. 7. Table 1 shows the
typical specifications of the fabricated device. As shown in Figs. 1

Fig. 7. Fabricated device

Table 1. Typical specifications of fabricated device

Device size 375mm X 1250 mm X 0.50 mm
Substrate 0.3 mm thick aluminum plate
Inner conductor lines = Sputtered aluminum film

Thickness f.: 3pm

Width w,: 50 pm

Length /: 12.5 mm

Spacing s: 40 pm
Top ground plane Silver paste

Composite material Mn-Zn ferrte/Polyimide hybrid
Ferrite volume fraction : 51 —60%
Permeablity #’°: 6 @100MHz
Permittivity ¢ : 100 @100MHz

, Thickness f: 80 pm

Inner Polyimide Spun on and cured polyimide
Thickness #,: 3 pm
Permittivity & ,’: 3.5




(2) 0.3 mm thick aluminum plate
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(b) 80 p m thick composite thick {ilm prepared by
spin-coating and curing

(¢) Thin polyrmde layer for surface planarization prepared by
spin-coating and curing

(d) 3 pm thick alununum conductor lines prepared by
dc-sputtering, photolithography, and wet-etching

(g) Top silver paste ground plane

Fig. 8. Fabrication sequence of common-mode noise filter

and 7, since the fabricated device had a pair of aluminum straight
conductor lines with a length of 12.5 mm; the device length was
relatively long. For the miniaturization of the device, the meander
line structure will be useful.

The fabrication sequence of the device is shown in Fig.8.

4.1 Lower Composite Film and Conductor Lines The
lower 80pm thick composite film was fabricated on a 0.3 mm
thick aluminum substrate. To smooth the surface of the composite
film, the mechanical polishing was done. The 3um thick
polyimide film was fabricated on the top surface of the lower
composite film. A pair of 3um thick aluminum conductor lines

was fabricated using the ‘sputter-deposition and photolithography

technique. The conductor line width was 50pum, and the spacing
between the conductor lines was 40pum, respectively.

4.2 Upper Composite Film and Top Ground Plane

The 3pm thick polyimide film was fabricated on the aluminum
conductor lines, and the upper 80um thick composite film was
fabricated. Finally, the top silver paste ground plane was
fabricated on the top surface of the upper composite film.

4.3  Estimations of Cy, Gy, Ci, and Gy, Ciz and Gy in
Fig. 2 are due to the 40 pm wide spacing between 3pm thick
aluminum conductor lines. Fig. 9(a) shows a model for C;, and
Gz The spacing was filled with the polyimide. Hence, C}, and
G are written as follows, .
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(b) Cyy and Gy

Flg 9. Models for C]z, GlZ; C]] and Gn

C, :gpvtc/s, G, = a)gp”lc/s ....................................... )

where £, is the thickness of the aluminum line, s is the spacing
between two aluminum lines, ¢,” and £ ,;” are the real part and
imaginary part of the complex permittivity of the polyimide in the
spacing,

g, :gp’_jgpv ............................................................... )

The dielectric loss tangent of the polyimide, defined as ¢ ;°/ € ,’,
was below 102, Hence, ¢ p_ was much smaller than ¢ .

On the other hand, the distributed capacitance C;; and
conductance G, between the inner aluminum line and the ground
plane are due the composite film layer and polyimide layer. A
model for Cy; and Gy, is shown in Fig. 9(b). C;; and Gy are
written as follows,

C” :g‘ﬂ’wc;’(tf +lp), G12 :g)gﬁﬁ”wc/(tf +tp) ............. ©)

where w, is the width of the aluminum line, # is the thickness of
the ferrite/polyimide composite layer, #, are the thickness of the
polyimide layer, ¢ .¢ and ¢ o are the real part and imaginary
part of the complex effective permittivity of the composite
material/polyimide layer, respectively. The complex effective
permittivity ¢ .q is written as follows,
f = & (tf + tP) ......................................................... (10)
&l T8t

¢ p is the complex permittivity of the polyimide, which is
indicated in Eq.(8). ¢ is the complex permittivity of the composite
material (Fig. 6), and as follows,

Table 2 shows the estimated capacitance ratio C;/Ci, and
conductance ratio Gy;/Gy, for the fabricated device. These values
were estimated from the material properties and device parameters.
From the estimated C,/Ci; and Gy1/Gy,, the assumptions
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Table 2. Estimated C,/C1, and G,,/G15 for the fabricated device

Frequency (MHz) 10 20 30 50 70 100 200 300

Cy/Ciy 136 128 123 118 112 105 98 98

G1/Gra 15 18 19 22 24 27 30 30
(G11>>Gry, C1>>Cypp) described in Section 2.2 and the

approximations of Eqs.(5), (6) were satisfied enough.

5. Experimental Method of Signal Transmission
Characteristics of Common-Mode Filter

5.1 Transmission Characteristics To estimate the
transmission characteristics such as characteristic impedance Z,
and propagation constant y, the reflective coefficient Sy; and
transmission coefficient S;; in the scattering matrix [S] were
measured using a network analyzer (HP8753D).

By using Sj; and Sy;, the characteristic impedance Z, of the

device is written as follows ;

1/2
7 5ol 1H28+8, -8,
¢ 1-28,+8,2-5,°

The decay constant o can be written by using scattering
parameters Sy; and Sy, M.

In| 4 +B* |
D R (13)
4/
where [ is the conductor line length, 4 and B are as follows;
s s0(1-5,7+8,7)+ Z, (1-28,+5,” - 5,
+ jB=
50(1-5,7 +8,7 )~ Z,(1-28,, +5,.° = 5..%)
.......................................... (14)

The phase constant , which is the imaginary part of the
propagation constant y, can be written by following equation o,
_tan™ [B/ 4]
21

When the scattering parameters Si; and S,; were measured for
the balanced-mode and common-mode conditions, Z, and y were
estimated for both conditions.

5.2 Signal Transmission Experiments for Balanced-
Mode and Unbalanced-Mode Rectangular Signals To
estimate the transmission characteristics for the balanced-mode
signal and unbalanced common-mode signal, a rectangular
waveform signal was applied to the device using a pulse generator
(HP8133A), and the frequency spectra of the input and output
signals of the device were measured.

The experimental set-up is shown in Fig. 10. The input and
output signals of the device under test (DUT) were measured
using a sampling oscilloscope with an EO (Electro-optical) probe
(Ando Electric Co. ; AQ7700). The repetitive frequency of the
rectangular waveform signal was 200 MHz.

6. Experimental Results and Discussion |

6.1  Transmission Characteristics Fig. 11 shows the
transmission characteristics, Z,, o and [ measured .for the
fabricated filter, these parameters were measured in both
conditions for the balanced-mode and common-mode signal. In
the figure, the subscript “c” means the common-mode signal
condition, the subscript “b” means the balanced-mode signal

BEWA 124415, 2004 &
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(b) For unbalanced common-mode signal

Fig. 10. Experimental set-up of rectangular waveform signal
transmission

condition.

The balanced-mode characteristic impedance Zy, was estimated
to be about 37-72Q, which was nearly close to 50(2. On the other
hand, the unbalanced common-mode characteristic impedance Z,
was only two times larger than Z,, which was owing to the weak
magnetic coupling between the inner two aluminum lines.
Although not shown in detail here, the magnetic coupling
coefficient £ was estimated to be about 0.44 even at 100 MHz.

The decay constant o, was larger than oy, and the difference
between o, and oy, became large with increasing frequency. The
phase constant B, was also larger than B, the difference between

* B. and B, became large at high frequencies over 1 GHz. The large

95

o, for the unbalanced common-mode signal was due to the
positive magnetic coupling between the embedded two conductor
lines, and was dependent on the high frequency loss of the
composite film. Since the fabricated filter had the weak magnetic
coupling between the inner aluminum lines, the decay constant o,
for the balanced-mode was not negligibly small. The reason for
the weak magnetic coupling may be not only due to the large
spacing of 40 pm between two aluminum lines, but also due to the
low relative permeability (below 6) of the composite film. In order
to increase the relative permeability, it is desired to obtain the
large volume fraction of the ferrite for the composite film.
However, it is not so easy to fabricate the ferrite rich composite
film by using the spin coating, because of the high viscosity
mixture slurry with a high content ferrite particle. Therefore, a
screen-printing method will be useful for obtaining the ferrite rich
composite film.

The common-mode noise filter for the balanced-mode signal
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interface should have large o, and small oy. In the fabricated
device, both. the common-mode suppression and balanced-mode
transmission were obtained only at high frequencies in the GHz
band, because the losses became large at high frequencies. It is
currently unknown that either magnetic loss or dielectric loss is
dominant.

6.2 Experimental Results of 200MHz Rectangular
Waveform Signal Transmission A 200 MHz rectangular
waveform signal was applied to the input terminals of the device,
and the 50€2 termination resistances were connected to the output
terminals. Fig. 12 shows the frequency-spectra of the input signal
and output signal of the device. The result for the
unbalanced-mode signaliwas shown in the upper figure, the result
for the balanced-mode signal was shown in the lower figure,
respectively.

The unbalanced signal frequency ' spectrum shows that the
signal-decays were over 10dB at high frequencies over 1GHz.
This was due to the large decay constant o, The balanced- mode
signal-decays were small even in the high frequencies over 1GHz
except some data.

The 200 MHz rectangular waveform signal includes the higher
frequency components. Therefore, the measured results show that
the fabricated device has the signal suppression with.over 10 dB
for the unbalanced common-mode signal in the GHz band. In the
near future, the advanced high-speed balanced digital signal
interface will be developed, which will operate at Gbps data
transfer rate. For real application of the device to such advanced
system, it is desired that the larger common-mode suppression and
smaller decay for the balanced-mode signal will be required.

7. Conclusion

Mn-Zn ferrite particle/polyimide composite thick film was
fabricated and applied to the common-mode noise filter. The
fabricated filter exhibited the signal suppression with over 10 dB
for the unbalanced common-mode signal in the GHz band. For the
balanced-mode signal, the device exhibited the small decay at the
same frequency band.

The authors consider that the device fabricated here is superior
to the conventional dielectric coupled transmission-line filter,
because the newly fabricated device has the wide band
common-mode suppression. However, the common-mode noise
rejection is not so enough. This is mainly due to the weak
magnetic coupling between the inner two aluminum lines. In order
to improve it, the large volume fraction of the ferrite will be
required for the composite film, and the narrow spacing between
the two conductor lines will also be required for the device.
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