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Abstract— Distributed air-gap inductors have the advantage of
reducing winding loss in high switching frequency DC/DC
converters. However, they also have the disadvantage of uneven
distribution of flux density, which inevitably leads to the
incomplete utilization of magnetic material. This paper proposes
a horizontal-winding multi-permeability distributed air-gap
inductor structure to increase inductance without the increase of
inductor volume. To evaluate the proposed method, a twopermeability inductor together with a single permeability
inductor is fabricated. The measured results show the twopermeability inductor has higher inductance than the singlepermeability one, especially at light load. Both inductors are
tested in a 12V input, 1.6V output DC/DC converter to show
their performance. The results show the two-permeability
inductor could further improve light load efficiency of high
frequency DC/DC converters.

I.

magnetic cores. For inductors designed with high permeability
magnetic cores, the flux density in the core can be seen as
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INTRODUCTION

The design of inductors used in high frequency DC/DC
converters has become very popular in past few decades
because it plays an important role in increasing the power
density and in improving the efficiency. In conventional high
frequency DC/DC converters, the inductors are usually
constructed with high permeability commercial magnetic
cores and copper wires. For these inductors, air-gaps are
needed to guarantee that the magnetic cores do not become
saturated. However, the leakage flux from the air-gap will also
cause high winding loss, resulting in a reduction of the
efficiency [1]. With the purpose of reducing winding loss
caused by the air gap, quasi distributed air gap [2-5] and
distributed air gap [6-20] techniques are proposed. They are
shown in Fig. 1. Among these inductors, the low temperature
co-fired ceramic (LTCC) inductors have been proven to have
many advantages, such as better system integration, greater
loss reduction and easier fabrication [8-20]. Although the
LTCC technology has been seen as a promising technology
for passive integration, the present LTCC inductors fabricated
with low permeability magnetic materials still have the
disadvantage of uneven distributing flux density in the
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Figure 1. Cross-section view of quasi distributed air gap inductor
and distributed air gap inductor. (a) Quasi distributed air gap. (b)
Distributed air gap inductor based on conventional high permeability
magnetic cores. (c) Distributed air gap inductor based on LTCC or
thin film technology

uniform, however, for low permeability distributed air-gap
magnetic cores, the flux density in the magnetic cores can no
longer be seen as uniform. It will vary according to equivalent
magnetic resistance along the flux path. This inevitably makes
the magnetic material not fully utilized. Fig. 2 roughly
illustrates the flux density distribution in a planar magnetic
core with the increase of current. The cross-section of the
magnetic core is divided into three regions. At light load, the
magnetic material of Region I has higher flux density while
that of Region II and Region III have a lower flux density. At
intermediate load, the magnetic material of Region I and
Region II has higher flux density, but the flux density in
Region III is still very low. At full load, Region II and Region
III have a higher flux density, but the magnetic material of
Region I has become saturated. It can be seen that the
magnetic core could not be utilized effectively, especially at
light load condition. To make the flux density in the magnetic
core distribute more evenly and increase the inductance, multipermeability inductors are proposed in this paper. Section II of
this paper describes the principle of multi-permeability
inductors, Section III demonstrates the design of a horizontal
winding multi-permeability distributed air-gap inductor based
on simulation. Section IV presents the experimental results of
a fabricated two permeability inductor as well as a single
permeability inductor. Characteristics of the inductor
prototypes are measured, and the inductors are evaluated in a
DC/DC converter for comparison. Section V is the conclusion.
II.

continuously from the inner surface to the outer surface of the

Figure 2. Flux density distribution in a single permeability inductor.

PRINCIPLE OF MULTI-PERMEABILITY INDUCTOR

This section will introduce the principle and advantages of
the multi-permeability distributed air-gap inductors.
Distributed air-gap inductors could be generally classified into
two kinds. One is toroidal inductors, the other one is planar
inductors. For the purpose of simplicity, this paper only focus
on one turn inductors based on which multiple turns inductors
could be easily designed. Fig. 3 shows the structures of the
inductors. Their cross-section areas are shown in Fig. 4.
Generally, the flux density in the single permeability magnetic
core could be expressed by (1)

Br =

μr μ0 I
lr

(a)

(1)

(b)
Conductor

Where lr is the length of magnetic path, Br is the
corresponding flux density along the path, µ0 is the
permeability of air, µr is the relative permeability of the
magnetic material.
From the inner surface to the outer surface of the
magnetic core, lr gradually increases and Br thus gradually
decreases, which will cause the uneven distribution of flux
density. Fig. 5 shows the flux density distribution of the two
magnetic cores under 20A excitation. Uneven flux density
distribution is observed. When the flux density close to the
conductor reaches its peak value, the flux density which is far
away from the conductor is still very low. Therefore, the
magnetic material is not fully utilized. The magnetic core
could be fully utilized only when every point of the magnetic
core reaches the peak flux density Bmax simultaneously. By
increasing the relative permeability of the magnetic material
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Figure 3. One turn distributed-air gap inductors. (a) Toroidal inductor.
(b) Planar inductor.
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Figure 4. Cross-section views of single permeability inductor. (a)
Circular. (b) Square.
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Figure 6. Continues permeability distribution in distributed air gap
inductors.
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Figure 5. Flux density distribution in single permeability distributed air
gap inductors. (a) Circular. (b) Square.

magnetic core according to (2), this goal could be achieved.
The structures of the continuously changing permeability
magnetic cores are shown in Fig. 6. Based on this way, the
magnetic material could be fully utilized and the inductance
value could be increased compared with single permeability
inductor. However, it would be difficult to fabricate such a
continuous changing permeability inductor in practice. Instead,
we could divide the region of varying permeability into
different small regions, and let each small region has a
constant permeability. By doing this, a magnetic core whose
permeability discretely changes could be realized. The
inductors made with magnetic cores of this type are called
multi-permeability inductors. Fig. 7 shows the structures of
magnetic cores with discretely changing permeability.

Bmaxlr
μ0 I

μ r (lr ) =

(2)

The length of magnetic path for circular cross-section
magnetic core could be expressed by its circumference (3)
lr _ circular = 2πr
(3)
Where r is the radius of the circular magnetic path. And
the per unit length inductance for a toroidal inductor could be
thus expressed by (4)
RE

μ r (lr ) μ 0

RI

lr _ circular

Lcircular = ∫

dr

(4)

Models for calculating inductance values of the planar
inductors have been derived in [19]. The length of magnetic
path could be expressed by the rounded corner rectangle. Its
length of the magnetic path could be expressed by (5)

Figure 7.
inductor.

Discrete permeability distribution in distributed air gap

lr _ square = 2( w + h) + 2πr

(5)

The per unit length inductance for a planar inductor could be
expressed by (6)
k

μ r (lr ) μ0

0

lr _ square

Lsquare = ∫

dr

(6)

Fig. 8 shows the permeability of inductors versus the
radius and the height of the magnetic cores. Compared with
low single permeability structure, the proposed magnetic cores
have continuous or discretely increasing permeability with the
increase of radius or height. This means much higher
inductance values could be obtained while the volume remains
unchanged. Per unit length inductance and the inductance
density (obtained by dividing the inductance with inductor
volume) of the same volume magnetic cores with the three
kinds of permeability configurations are illustrated in Fig. 9
and Fig. 10. It can be observed that although the inductance of
the multi-permeability inductor is a little bit less than that of
the continuous changing permeability inductor, it is much
higher than that of the single permeability inductor. And it
also can be seen from Fig. 10 that the larger the radius or
height is, the more significantly the inductance density
increases.
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(a)

(b)

Figure 8. Permeability versus radius or height. (a) Circular cross-section magnetic core. (b) Square cross-section magnetic core.

(a)

(b)

Figure 9. Per unit length inductance versus radius or height. (a) Circular cross-section magnetic core. (b) Square cross-section magnetic core.

(a)
(b)
Figure 10. Inductance density versus radius or height. (a) Circular cross-section magnetic core. (b) Square cross-section magnetic core.
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A simulation is also set up to show the flux density
distribution of multi-permeability inductors. The results are
shown in Fig.11. Compared with single permeability magnetic
cores in Fig. 5, the multi-permeability magnetic cores have
much evener high flux distribution, which make the whole
cores fully utilized.
III.

DESIGN OF A TWO-PERMEABILITY INDUCTOR

A. LTCC technology for realizing the inductor
Although the multi-permeability inductors have the
advantage of increasing the inductance, it’s difficult to make
such magnetic cores with a conventional fabrication method.
LTCC technology has been adopted in recent years to design
some special magnetics for its advantage of three-dimensional
integration [17]. In LTCC technology, the basic materials for
fabrication are tapes including ceramic tapes, capacitor tapes
and ferrite tapes. They could be co-fired together to realize
passive integration if their temperature expansion coefficients
(TEC) match each other well [21]. To fabricate a multipermeability LTCC inductor, ferrite tapes of different
permeability are laminated layer by layer to form a multi-layer
structure and are co-fired in a furnace. Although the structure
and flux density distribution are different from the inductors
which were proposed in Section II, it could be used to
approximately realize the same function. And for its irregular
flux density distribution, finite element analysis (FEA) should
be used for the design of such an inductor. In this paper, a
two-permeability inductor prototype is designed to evaluate its
performance. A single permeability inductor will also be
designed for comparison.

B. Design of the LTCC inductors
Two kinds of ferrite tapes from ElectroScience (ESL)
Corporation are selected to fabricate the inductors. They are
40010 [22] with relative permeability of 50 and 40011 [23]
with relative permeability of 200. Unfortunately, the
permeability of these two kinds of ferrite tapes are significant
different, and there are no other available ferrite tapes whose
permeability is between them. Therefore, to design a twopermeability inductor whose flux density distributes as fine as
analyzed in Section II, the inner layer (40010) should be very
thick so that the outer layer (40011) and inner layer (40012)
could begin to saturate simultaneously. However, for the
restriction of LTCC technology itself, it is difficult to design a
thick planar inductor. For this reason, we only design a 2mm
thick two-permeability inductor, and the high permeability
ferrite tapes thus will firstly begin to saturate. This will
inevitably discount the effect of increasing inductance
especially at heavy load. But it should still be helpful at light
load. And this problem could be easily solved when more
ferrite tapes of lower permeability are available.
The perimeter of the conductor embedded in a LTCC
inductor can be expressed by (7)

l = 2h + 2 w

(7)

Where h is the thickness of the conductor; w is the width
of the conductor.
The width of the conductor can be expressed by (8)

h=

S
w

(8)

Where S is the area of the conductor. Substituting (8) into
(7) results in (9)

l = 2w +

2S
w

(9)

The total area of the conductor in this paper is set as a
constant S=0.8mm2, then by increasing w, the perimeter of the
conductor will also increase correspondingly. Fig. 12 shows

(a)

(b)
Figure 11. Flux density distribution of multi-permeability inductors. (a)
Circular cross-section inductor. (b) Square cross-section inductor.

Figure 12. Perimeter versus width.
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with conductor width as a parameter (hm=1.2mm, he=0.4mm).
It can be seen that compared with single permeability inductor
with the same conductor width, the two-permeability inductor
has much higher light load inductance, which could help
improve efficiencies of converters. To optimize the design of a
two-permeability inductor, inductance values of different
combination of hm and he (H=2mm) are further simulated. Fig.
16 shows per unit length inductance versus output current for
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Figure 13. Per unit length inductance versus output current for single
permeability inductors.
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Figure 14. Cross-section view of a two-permeability inductor.
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Figure 15. Per unit length inductance versus output current for twopermeability inductors.
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the relationship between the conductor perimeter and the
conductor width for a single permeability inductor. With the
increase of conductor width, the perimeter also rapidly
increases. Correspondingly, the inductance rapidly reduces.
Fig. 13 shows the per unit length inductance versus output
current for a 2 mm thick single permeability inductor. The
inductor whose conductor width is 5mm has the smallest light
load inductance. With the decrease of conductor width, the
light load inductance begins to increase, but the inductor is
also subject to saturation at heavy load. It can be seen that for
single permeability inductor, the light load inductance is too
low when the conductor width is large (w=5mm). To increase
the light load inductance, we may reduce the conductor width,
however, the magnetic core is subject to saturation (w=1mm).
In order to make an inductor with high current load capability
and high light load inductance, a two-permeability inductor
with wide conductor width could be designed. Fig. 14 shows
the cross-section view of a two-permeability inductor. Fig. 15
illustrates per unit length inductance versus output current

6 7 8 9 10 11 12 13 14
Current/A
(d)
Figure 16. Per unit length inductance versus output current. (a) w=2mm. (b)
w=3mm. (c) w=4mm. (d) w=5mm.
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FABRICATION AND EXPERIMENTS

A two-permeability inductor is fabricated to evaluate its
performance. And for the purpose of comparison, a single
permeability inductor of the same profile is also fabricated.
Cross-section views of the two inductors are shown in Fig. 17.
The single permeability inductor is made with 40010. The
internal layer for the two-permeability inductor is 40010 while
the outer layer is 40011. The fabrication process has been
stated in detail in [12]. After lamination, the two inductors are
put into a furnace and co-fired according to the temperature
profile shown in Fig. 18. Fig. 19 shows the picture of the
inductors. The inductance values versus current for the two
inductors are shown in Fig. 20. To evaluate the light load
efficiency performance of the two inductors, they are used in a
12V input, 1.6V output buck converter. The measured
efficiencies are shown in Fig. 21. It can be observed that the
converter has higher light load efficiency with the twopermeability inductor. However, because the outer layer ferrite
tapes (40011) gradually become saturated, the inductance as
well as the efficiency also gradually decreases at heavy load.

Two-permeability

Figure 19. Prototypes of single permeability and two-permeability
inductors.
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IV.

35mm

different width of conductor and thickness of ferrite tapes
configurations. For certain conductor width, the thicker the
high permeability ferrite tapes are, the higher the inductance is,
however, after certain point of output current, the relationship
is reversed. The thicker the high permeability ferrite tapes are,
the lower the inductance is. The varying range of the
inductance from light load to full load is highly related to
width of the conductor. As a compromise of light load
inductance and heavy load inductance, the conductor width of
the inductor for fabrication is chosen to be 3mm and the
thickness of low permeability ferrite is chosen to be 1.2m.
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Figure 20. Per unit length inductance versus output current.
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CONCLUSIONS

This paper proposed multi-permeability inductor structures
to improve unevenly distributed flux density of distributed air-
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Figure 21. Efficiencies versus output current.
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Figure 17. Dimensions of the single permeability and two-permeability
inductors.
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gap inductors, and based on the structures, inductance could
be largely increased according theoretical analysis. Design of
such an inductor is demonstrated with the aid of FEA
simulation. Two prototypes of the same volume are fabricated
based on LTCC technology, one is single permeability, and
the other one is two-permeability. The experimental results
show that the two-permeability inductor has higher inductance
than the single permeability one at light load, and could
improve light load efficiency of a DC/DC converter.
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Figure 18. Temperature profile for co-firing.
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