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Summary: Theintegration of passivecomponentsin printed cir cuit boardsby using structured
layer sof different material leadsto completely new technical challenges, both in technological
realisationsand in smulationsor modelling of theembedded components. Theintegration of
inductivecomponentsisvery interesting duetothesubstantial placereduction on thesurfaceof
the printed circuit board. In this context the shielding of the stray field of theseinductive
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componentsleadsto somenew approachesin magneticfield calculation and Smulation by planar
structures. Soin thispaper theinfluenceof FPC foils(Ferrite Polymer Compounds), m-metal
and thin layer sof copper on themagneticfield distribution and thuson theinductive coupling
mechanismsin multilayer sisanalytically calculated and verified by somemeasurements. The
presented results—measur ement and simulation —lead tothefinal conclusion that theintegration
of i-metal in comparison to FPC foilsand thin layer sof copper in themultilayer isoneof the

promising proceduresfor EM C-shielding.

1.INTRODUCTION

1.1. Multilayer technology

The trend towards flat designs of power electronic circuits
has lead to different technical approaches. Whereas in the
past designers mainly tried to reduce the height of passive
components, one example are the planar inductors and
transformers, a new trend towards integrating the
functionality of passive components can be observed.

An increasing miniaturization of PCB-based circuits can
be achieved through the constant research in SMD-
technology. The integration of passive components in this
concept is not possible in parts or in general. As these
components need more than 2/3 of the space of a
conventional circuit [7] the potential for miniaturization is
very high. The integration of passive components in the
substrate of the circuit by using layered structures and
materials with dielectric and magnetic characteristics is one
of the possibilities. A so-called multilayer is developed, e.g.
the emPIC circuit (embedded passives integrated circuits)
[7] deals with this concept. This technology is highly
attractive to the automation process and the level of
repeatability from part-to-part also improves.

In [8] the principle of the embedded passives integrated
circuit together with the expected advantages is presented.
The integration of the passive components in the PCB makes

Fig. 1. Converter with integrated inductive components in the substrate

the circuit compact and thin by removing the space between
the components, considerably. It also reduces the
conventional component count, eliminates solder joints, and
provides low electromagnetic interference solutions.

Figure 1 shows a realised converter with pcb-integrated
planar inductive components. The whole circuit is much
thinner than a conventional converter.

For a better understanding in Figure 2 model for the same
converter is given in a schematic form.

On the other hand, the combination of integration
technologies and functionally integrated devices not only
leads to very compact and ultra thin circuits, but also to a
number of various new technical challenges. This includes
both, the fabrication process (hardware) as well as the
understanding of the circuit behaviour, this means the design
and simulation of such a circuit (software). The components
can no longer be treated as discrete components, because of
the capacitive and inductive coupling mechanisms between
the adjacent components. If the well known circuit simulators
should be used for this type of integrated passive
components, a considerably improved modelling of these 3-
dimensional structures (see Fig. 3) becomes now necessary.

This paper deals with some important aspects of the
magnetic devices and the EMC-shielding of the stray fields
of these devices. The first important issue is the decoupling
of the different current loops on the various layers in these
extremely compact components, this means that the screening
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Fig. 2. emPIC converter model
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Fig. 4. Planar spiral winding with soft magnetic core
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Fig. 5. Transformer designs

effectiveness of the conductive and permeable layers has to
be investigated. If transformers are realised with planar spiral
windings, the coupling between primary and secondary
windings is another important issue. Last but not least the
screening of the whole magnetic field caused by such a
multilayer is also interesting for EMC standardization and
inspection.

So on the following pages the influence of FPC foils, m-
metal and thin layers of copper on the magnetic flux density
is investigated. This then forms the basis for any further
calculations like coupling of circuits and screening between
different layers.

1.2. Inductive components

Integrated windings are state of the art. They are realised
by means of spiral windings which are etched directly on the
pecb. The self inductance can be even increased when they
are located between thin magnetic layers. The realised spiral
winding which is shown in Figure 4 is used for the calculations
and measurements later on.

In addition to planar inductances pcb-based planar
transformers are built in a multilayer, too. Some design
possibilities are given in Figure 5.

Both best coupling between the primary and the secondary
winding and minimal area needed by the windings is achieved
with the interleaved configuration (see Fig. 5¢). In
consequence of the small distance between the secondary
and the primary the interleaved configuration has only a
minor disruptive strength.

Basically with the application of permeable material on
both sides the achieved coupling is considerably higher and
the stray field outside of the component is screened.

1.3. Materials

For the purposed EMC shielding two effects which are
depending on material parameters are suitable.

Permeable material has a constant screening effect on
magnetic fields over a wide range of operating frequencies.
The losses inside the material are comparably low as long as
the material does not saturate. One promising material class
are ferrite polymer compounds (FPC). They consist of ferrite
powder in a polymer matrix. The single particles of ferrite are
insulated from each other by the plastic. Thus the material is
nearly not conductive. The permeability of FPC materials is
typically low in the range of i, = 10 to 20. The used material
for calculations and measurements in this paper has a
permeability of i, = 11 with thickness d=200um.

A shielding effect is reached by conductive material, too.
The eddy currents inside the material caused by the external
magnetic field reduce the magnetic field outside the circuit.
But the losses are considerably higher. u-metal foils combine
these two effects described before. y-metal is an amorphous
alloy which has in comparison with FPC-material a much
higher permeability. Consequently, a much higher screening
or shielding effect of the final multilayer is obtained. However,
due to the non negligible conductivity of the y-metal foils,
the eddy currents inside the material enlarges the effect. Thus
the challenge is to develop an analytical model, which takes
the conductivity o and the permeability into account. All
calculations and measurements presented in the figures in
this paper are made with layers of -metal with the following
parameters: 4 =4000 - uy, 0=1.8 - 100Qm™! and layer
thickness d = 50um. Both materials are shown in Figure 6.

2. ANALYTICAL ANALYSIS

2.1. Simplified model

Figure 7 shows two schematic diagrams as initial point for
the analytical research. In both pictures a circular circuit path
is given as a symmetrically current film K, around the origin
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of a coordinate system. Later on every turn of the given
planar coil is represented by a single current film. The
increasing radius of the spiral winding and the
interconnections between the single tracks are neglected for
the analytical analysis. One or two planar conductive and/or
permeable layers are placed in a parallel direction to the current
film at distance b, or bs.

All calculations are done with the magnetic vector potential
in the following equations. Due to the induced eddy currents
with angular frequency w the complex form of the magnetic
vector potential A isused. If A is known in the whole area
the related magnetic field strength H , the magnetic flux

density B and the current density J can be determined

with:
— 1 -
H ==rotA
L TR (1
B=uH @)
J=-jwcA 3)

2.2. Boundary value problem

_ The influence on the magnetic vector potential
A= éq) A(p,z) by the conductive and/or permeable layers
can be calculated by solving a boundary value problem. This
methodology is well known, nevertheless, the basic equations
for this mathematical procedure are described in the following.
Some more detailed information to the procedure are given in
[4] and [5].

For the situations given in Figure 7 in every region with
different permeability 4 and/or conductivity o the skin
equation:

rot rot A+a® A=0 4)

with:
a? = jouc )

has to be solved. The parameter ¢ is zero outside the
conductive-permeable material, where the skin equation
simplifies to the Laplace equation:

rot rot A=0 (6)

The general solution of this boundary value problem is
obtained with the boundary conditions at z = 0 with the surface
current distribution:
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Fig. 7. Cross section for the boundary value problem
and furthermore with the requirement:
A(p,z—> 2e0)—0 (8)

Finally the solution of each region is coupled with every
other region by the boundary condition at both surfaces of
the conductive-permeable layer:

A, A, oA A
(ap =7+ (ap z=7- ©)

Taking into account all this equations before the detailed
determination of the magnetic vector potential in each region
is possible. According to Figure 7 the results are four
magnetic potentials (A to A 4) in the case with one layer
and two more (A; to Ag) by using two conductive-
permeable layers — one separate magnetic vector potential
for each region. The subscription is identical to the
permeability and conductivity given in Figure 7.
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Due to the fairly complex and extensive results of the
obtained magnetic vector potential the final expressions are
not presented here. They are from minor interest compared
to the calculation and measurement results. Further details and
additional results in this context will be found in [4] and [5].

2.3. Attenuation and selfinductance

An inductive component is characterised primarily by the
self inductance and the magnetic stray field in the vicinity. In
comparison to a magnetic device without any permeable and/
or conductible material in the vicinity the conductive-
permeable layers in the multilayer close to the planar coil
change the self inductance and the magnetic stray field of
this component and the multilayer.

The interference of the stray field can be illustrated by
regarding the attenuation of the magnetic field strength H
outside of the whole component:

g_g — 20log M (10)
|ﬂ|with

layer

While for the determination of the attenuation the vector
potential outside the whole magnetic component is needed
the self inductance can be calculated by using the magnetic
flux density E in the region of the given planar coil. If this
planar coil is realised by means of a spiral winding each turn
may be treated as a single circular loop. The inductance of
the complete spiral winding is obtained by assuming a current
1 through the winding, calculating the contribution of all turns
to the flux density and then integrating this total flux density
over the area of all turns. The inductance of a spiral winding
consisting of N turns is then given by the relation:

1
L=12%, (11)
==l
with the magnetic flux:
v, = _[B -dazgﬁé ds (12)
Cai

g

According to equation (12) the calculation of the magnetic
flux ¥; through turn number i can be determined either by
integrating the flux density B over the area g; covered by
turn number 7 or by integrating the vector potential A along
the contour C of this turn. With equation (11) the self
inductance of each turn and also the coupling between the
turns is taken into consideration. The so-called inner
inductance, representing the energy stored inside the copper
winding is neglected in this equation.

For discussing the results of both calculations and
measurements only the increase of the self inductance AL
compared to an air-core coil:

L = Lair ool +AL 13)

is displayed in the following figures.

3.RESULTS

3.1. Planar coil for analysis

For the measurements a special multilayer pcb has been
used, where 4 layers with 6 turns per layer have been
integrated inside the pcb. In fig. 8 a schematic configuration
with all dimensions is given. This inductive component has
been used because of the adequate large magnetic field
strength caused by the overall 24 circular windings. For the
final calculations all formulae given before for one circular
winding with a current film K, have to be adapted by easily
summing up the contributions of each circular turn.

According to equation (13) the self inductance of this
special multilayer without any conductive-permeable material
in the vicinity is needed. The impedance Z=R + jwL is
measured by an impedance analyser. With a frequency of
f=100kHz the measured self inductance of the air coil has a
value of Ly;; .o = 26uH. All measurements below are done
by the same frequency.

3.2. Attenuation of magnetic field strength

First of all the attenuation of the magnetic field strength of
an inductive component in a multilayer according to Figure 7
with one or two FPC-foils and a distance between foil and
current loop b, = b5 =1.6mm is examined. As the ferrite
powder is integrated in the plastic matrix the conductivity o,
and o5 of the FPC-foil are equal to zero, too. So there is no
screening or shielding effect by eddy currents.

In Figure 9 the circular planar coil is represented easily by a
right-hand orientated magnetic dipole shown as arrow in the
origin. It can be seen that in the region behind the foil (z > b + d)
the field amplitude (on the z-axes) is reduced by a maximum
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Fig. 8. Cross section of the inductive component
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Fig. 9. Attenuation of the magnetic field strength on the z-axes with
only one FPC-foil
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Fig. 10. Attenuation of the magnetic field strength on the z-axes with
two FPC-foils

value of less than 8dB. This value is only achieved close to
the foil. At a larger distance the field attenuation becomes
considerably smaller, which means, that the influence of the
foil vanishes.

In the region z < 0 the attenuation becomes negative. Thus
an amplification of the field is observed, which may leads to
EMC problems.

The result for a comparable situation where the current
loop is located in the middle between two identical FPC foils
of the same thickness is shown in Figure 10. In this case now
the field is reduced symmetrical on both sides. But the
attenuation value at a given distance is generally smaller
than in the case with only one FPC foil.

In both cases described above the screening effectiveness
is relatively poor, which is mainly due to the low permeability.

In the next two figures (Fig. 11 and 12) below the results
for a comparable situation as discussed before are given.
Only the FPC foils are now changed to layers of z-metal with
a thickness of 50um.

In case of one layer the attenuation behind the layer is
more than doubled due to the contribution of the additional
eddy currents in the conductive u-metal. Comparing Figure
12 with Figure 10 the attenuation value is nearly the same but
in the case of the u-metal only with a fourth of material
thickness.

Finally Figure 13 shows exactly the same situation as in
the case with two u-metal layers before but now with two
layers of copper in the same thickness (conductivity of
copper: 0, =05 =58 - 106Qm™1). Due to the skin depth of
about 200um at 100kHz the attenuation is comparably poor.

3.3. Increase of self inductance

Conductive-permeable layers in a multilayer for EMC-
shielding have not only a screening effect on the stray field
outside the multilayer. They also have an influence on the
self inductance of the component. For the same dimensions
and multilayer structure as described in the first four cases in
the chapter before the results for the increase of the self
inductance are given next.
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Fig. 11. Attenuation of magnetic field strength on the z-axes with
only one u-metal layer
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Fig. 12. Attenuation of magnetic field strength on the z-axes with two
u-metal layers
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Fig. 13. Attenuation of magnetic field strength on the z-axes with two
copper layers
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Fig. 14. Increase of the self inductance with only one FPC-foil
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Fig. 15. Increase of the self inductance with two FPC-foils

The first result is given in Figure 14, where one FPC-foil
has been used only on one side of the pcb. Increasing the
distance reduces the influence of the foil and thus the increase
of the inductance. The maximum increase of the inductance
of 5uH compared to the original value of 26uH is comparably
low.

With one FPC foil on each side of the planar inductive
component the increase of the self inductance is , compared
to the case with only one foil, now more than doubled as
shown in Figure 15.

Finally Figure 16 shows the results for a device with one
u-metal layer in the vicinity of the inductive component. In
that case the self inductance can be doubled nearly although
only one u-metal foil is used. If the distance between pcb
and foil raises, the influence of the permeable and
conductive material vanishes as seen before. Thus the self
inductance converges to the value of the air coil. With two
layers of u-metal the self inductance of the planar coil can
increase remarkably. In Figure 17 the 15-fold value of the air
coil is reached.
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Fig. 16. Self inductance with only one u-metal layer
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Fig. 17. Self inductance with two u-metal layers

4. CONCLUSION

In the future the space reduction of classical inductive
components becomes more and more important due to the
needed miniaturisation in commercially used circuits. Planar
inductive components which are integrated in multilayer
structures are one of the promising concepts. Building these
extremely compact components particular efforts have to be
spend for the EMC-shielding of the stray fields outside and
the magnetic coupling inside to avoid malfunctions of the
whole components.

In this paper some general informations on multilayer
structures and different materials for realising magnetic
components are given. A calculation method for the
determination of the magnetic vector potential in all regions
of the multilayer is presented. With the knowledge of this
potential the attenuation of the magnetic field strength
outside the ciruit and the increase of the self inductance can
casily be calculated. Both effects are caused by conductive-
permeable layers in the vicinity of the inductive components.
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Finally some simulation and measurement results give an
impression of the influence on the magnetic field strength
caused by permeable-conductive layers. The presented
results lead to the conclusion that the integration of u-metal
in the multilayer is one of the promising procedures for EMC-
shielding.
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