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Abstract—Electromagnetic bandgap (EBG) structures in a pair
of parallel planes are quite effective for suppressing simultaneous
switching noise, but they are too large to be applied to compact
electronic devices. To miniaturize the EBG structures, we inves-
tigated an approach to interpose a high-permeability magnetic
metal sheet between the parallel planes. The experimental results
show that high permeability of the sheet shifts the stopband to-
wards lower frequencies. This suggests that such sheets contribute
to the miniaturization of the EBG structures. In addition, it is
demonstrated that the imaginary part of the permeability can
expand the stopband.

I. INTRODUCTION

Since digital and RF/analog circuits in recent mixed-signal
systems are densely packed, electromagnetic interference
(EMI) is currently a critical performance issue. To solve this
issue, it is essential to isolate sensitive RF/analog signals from
digital noise, and the electromagnetic bandgap (EBG) structure
is one candidate to achieve this.

To isolate RF/analog and digital blocks electrically, the EBG
structure is more effective than a separated-plane structure [1]
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(a) 1-D EBG with a 4×1 lattice geometry.
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(b) 2-D EBG with a 3×3 lattice geometry.

Fig. 1. Examples of planar EBG lattices combining large square patches
with small square branches in a PCB power/ground pair.

since it prevents the propagation of electromagnetic waves
within a certain frequency range, that is, achieving a stopband.
Examples of planar EBG structures are depicted in Fig. 1, and
they provide excellent isolation of more than 60 dB [2], [3].
The planar EBG structures require no additional vias, which
are necessary in EBG structures with a high impedance surface
(HIS) [4], [5].

The EBG structure can be easily designed in a power/ground
plane pair of a printed circuit board (PCB). Therefore, the
standard PCB fabrication technique is easily applicable, which
is a cost-effective solution. The planar EBG structure shown
in Fig. 1 is a lattice with large metal patches and small metal
branches connecting two large adjacent patches, and it has
two variations: a one-dimensional (1-D) lattice (Fig. 1(a))
and a two-dimensional (2-D) lattice (Fig. 1(b)) formed in a
power/ground pair. This paper deals only with patches and
branches that are square in shape. The EBG lattice may
be applied to either the power plane or the ground plane
depending on the design.

To meet the general demand for more compact wireless
devices at the frequency of interest, it is desirable to achieve
the stopband caused by the EBG structure with patches that
are as small as possible. However, a smaller patch makes
the stopband frequency higher since the patch dimensions of
this EBG structure determine the lower edge frequency of the
stopband.

To shrink the dimensions with a high isolation at the
frequency of interest, the authors studied two approaches [6]:
introduction of narrow slits into the patch in the geometry,
and application of high dielectric constant in the material. As
a result, each approach was found to contribute to reducing the
size of the EBG structure. Moreover, applying both approaches
simultaneously made it possible to achieve an EBG structure
in which the entire size was less than 20 mm per side and
with sufficient isolation of the stopband around 2 GHz.

This paper discusses a third approach to miniaturize the
EBG structure further: application of a high-permeability
magnetic metal sheet with complex magnetic permeability to a
pair of parallel planes in a PCB. The use of the magnetic metal
sheet for miniaturization is novel as far as the authors know.
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It is expected that the use of this magnetic metal sheet will
not only reduce the dimensions but also expand the stopband.
This is because the large real part of the relative permeability
contributes to reducing the size of the EBG structure. Also,
the imaginary part of the relative permeability works to absorb
electromagnetic waves.

II. MINIATURIZATION OF EBG STRUCTURE

A. The Concept of Miniaturization

The EBG structure shown in Fig. 1 has passbands and
stopbands that alternate with frequency. At lower frequencies,
the EBG structure can be considered to be a distributed
LC network that works as a low-pass filter, because the
large patches are predominantly capacitive, whereas the small
patches are predominantly inductive. At higher frequencies,
on the other hand, series and parallel resonances of the large
patches occur. This paper focuses on the fundamental stopband
following the lowest passband.

With a focus on miniaturizing the dimensions of the EBG
structure, this paper directs attention to the lower edge fre-
quency of the fundamental stopband. The frequency can be
roughly estimated. Around frequencies of the fundamental
stopband, the EBG structure is regarded as a distributed LC
network, and hence, an EBG unit cell can be expressed as
a network with series inductor L and shunt capacitor C.
According to filter theory [7], a cutoff frequency of a low-
pass filter with a ladder LC network is inversely proportional
to

√
LC. The cutoff frequency corresponds to the lower edge

frequency of the fundamental stopband in the EBG structure
because its unit cell can be roughly regarded as a network
consisting of series inductance L and shunt capacitance C at
lower frequencies, as described above.

As seen in the above relationship with the cutoff frequency
of a low-pass filter, a simple size reduction decreases the patch
capacitance of C. Thereby, the lower edge frequency of the
EBG stopband moves towards the higher frequencies. The
miniaturization of the EBG structure must be compatible with
a sufficient isolation at the frequency of interest. Therefore,
two options can be selected: (A) to compensate the decrease
in C by increasing L; or (B) to maintain the value of C under
the patch size reduction.

The effect of these options is confirmed by observing a
stopband shift towards the lower frequencies. The stopband
shift indicates that the dimensions have been reduced without
changing the frequency of interest.

B. Two Approaches Investigated So Far

The authors in [6] investigated two effective approaches
to shrink the EBG dimensions with high isolation at the
frequency of interest: applying narrow slits to the patch in the
geometry; and applying high dielectric constant in the material.

The first approach associated with option (A) increases
branch inductance L. Figure 2 shows an EBG unit cell with
two narrow slits that have width ws on the patch side. The
length of the slit is defined as Lrap using a slit-length ratio
Lr that takes a value between 0 and 1. The narrow slits

help lengthen the side of the square branch with side ab in
order to increase the inductance of the branch. In [6], the
optimum value of the slit-length ratio Lr is concluded to be
50%, because branches that are too long will degrade isolation.
Additionally, when Lr> 50%, the size reduction ratio is not
as large as Lr< 50%.

In the other approach corresponding to option (B), the size
reduction is carried out by replacing conventional FR-4 with
high-K material to increase the dielectric constant εr of the
dielectric layer between the power/ground planes. Taking the
wavelength in each medium into account, a size reduction
factor, Kr, is given as

Kr =
√

εr,FR4

εr,highK
(< 1), (1)

where εr,FR4 and εr,highK are the dielectric constants of
conventional FR-4 and high-K material, respectively. When
Kr = 40% is set as the size reduction, the EBG structure with
high-K material should be reduced to 40% in size, compared
with the EBG structure formed with FR-4.

The two approaches are compatible, and thus they can be
carried out simultaneously. Figure 3 plots the transmission
coefficient S21 measured with a vector network analyzer
(VNA) between two ports of the EBG structure with the lattice
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Fig. 2. 2-D unit cells with two narrow slits. Dashed lines indicate the
boundary between adjacent unit cells.
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Fig. 3. Stopband shifts towards lower frequencies due to combining the two
approaches.



geometry of 3 × 3, shown in Fig. 1(b). Several test vehicles
were fabricated using a high-K material (BC16T, Oak-Mitsui)
with εr = 29.2, tan δ = 0.02, and a thickness of 17 µm. The
solid curves in Fig 3 indicate the results obtained from the test
vehicles with the high-K material. The shift of the fundamental
stopband towards the lower frequencies while maintaining
high isolation is observed by comparing whether there are
slits. Furthermore, a dashed curve indicating a measurement
result of the same 3 × 3 geometry with FR-4, ap = 15 mm,
and no slits is included in Fig. 3. This reveals the possibility
of size reduction due to the high-K material. As a result, the
two approaches were found to be compatible and effective for
miniaturization.

C. Miniaturization due to High-permeability Magnetic Mate-
rials

The third approach is described in the following sec-
tion. This approach involves increasing L by using high-
permeability magnetic materials, which is associated with
option (A). In general, all the materials used for PCBs have
unity of relative permeability. Therefore, applying the high-
permeability magnetic materials to PCBs is expected to easily
increase the total inductance. This paper describes how a
commercial EMI suppressor sheet (NEC TOKIN) was used
to confirm the effects of the high-permeability magnetic ma-
terials.

III. MINIATURIZATION USING HIGH-PERMEABILITY

MAGNETIC METAL SHEET

A. High-permeability Magnetic Metal Sheet

The commercial EMI suppressor sheet used in the experi-
ments has a large value of relative permeability. The magnetic
material used in the noise suppressor sheet usually has com-
plex permeability. The typical characteristics of permeability
are plotted in Fig. 4. The real part µ′

r exhibits a large value of
about 60 or 20. The value of relative permeability decreases
with frequency. At the lower frequencies, below 10 MHz, in
general, µ′

r takes the maximum value, then decreases with
frequency and becomes almost unity over 1 GHz. To the
contrary, the imaginary part of complex permeability, µ′′

r , is
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Fig. 4. Typical permeability characteristics of magnetic materials used in
this study.

nearly zero below 10 MHz and increases with frequency.
Around a few hundreds of megahertz, µ′′

r takes its maximum
value. Then, µ′′

r keeps the comparatively large value over a
wide frequency range.

In the experiments, two types of EMI suppressor sheets were
used to investigate the effects of magnetic materials on size
reduction. The Type I magnetic material has a higher value
than Type II in the real part of relative permeability, µ′

r. The
properties of the EMI suppressor sheets dealt with in this paper
are summarized in Table I.

B. Experimental Approach

To investigate the miniaturization of the EBG structures,
several test vehicles of the same 1-D EBG structure with 4×1
geometry, as shown in Fig. 1(a), were fabricated. Table II
summarizes the details of the test vehicles used in this study.
Various types, thicknesses, and positions of the sheets were
used, and they were interposed between the power and ground
planes. The test vehicles had a magnetic metal sheet with the
same area as the ground plane. Figure 5 illustrates the case
where the sheet was sandwiched between the EBG patterned
plane and the dielectric. Furthermore, two subminiature-A
(SMA) connectors for the VNA measurement were installed,
as shown in Fig. 1(a). The dielectric between the power and
ground planes was glass-epoxy, and the structural parameters
of the unit cell were as follows: ap = 50 mm; ab = 5 mm; d
= 1.6 mm.

The size of the patch in the test vehicles used in the
experiments was comparatively large. This is because the
lower edge frequency of the stopband of the test vehicles was

TABLE I
PROPERTIES OF MAGNETIC METAL SHEETS USED IN THE STUDY.

Type I II
Typical µ′

rat 1 MHz 60 20
Maximum value of µ′′

r 20 7
Sheet thickness (mm) 0.1, 0.3 0.3

TABLE II
PROPERTIES OF TEST VEHICLES WITH MAGNETIC METAL SHEETS.

Test vehicle Type Thickness (µm) Position
(i) I 0.1 EBG pattern-dielectric
(ii) I 0.1 Dielectric-solid plane
(iii) I 0.3 EBG pattern-dielectric
(iv) II 0.3 EBG pattern-dielectric

EBG patterned plane

Magnetic metal sheet

Dielectric

Solid plane

Fig. 5. Insertion of a magnetic metal sheet between the power and ground
planes.



set to around 500 MHz, where the relative permeability µ′
r is

sufficiently larger than unity.
The solid curves in Fig. 6(a) show the transmission coeffi-

cient S21 obtained from the two-port VNA measurement. As
seen in the figure, the test vehicle, (i), with the interposed
magnetic metal sheet has a lower edge frequency of the
fundamental stopband than that without the sheet (original).
The magnetic metal sheet with high permeability was thus
found to be effective for miniaturization.

C. Simulation

To evaluate the effect of complex permeability, a simulation
was carried out with a commercial electromagnetic solver,
Sonnet. In the simulation, test vehicle (i) was modeled, and
then the dielectric constant was set to 4.2 independently of
frequency. Regarding the complex permeability of the sheet,
µ′

r and µ′′
r are roughly assumed as the solid and dashed lines

shown in Fig. 6(b), respectively: µ′
r = µ′′

r = 20 below 0.8 GHz;
µ′

r = 20 and µ′′
r = 8 between 0.8 and 1.6 GHz; and µ′

r = 2 and
µ′′

r = 3 above 1.6 GHz. Figure 6(a) plots the transmission coef-
ficient obtained from simulation as well as measurements. As
can be seen in the figure, both curves are in good agreement.
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Fig. 6. Comparison of measured and simulated transmission coefficient S21

of EBG structure with magnetic metal sheet.

A wide stopband formed by removing the passband around
1.7 GHz is observed in both the simulation and measurement
results. Thus, it was found that the wide stopband results from
the imaginary part of complex permeability, µ′′

r .

D. Miniaturization effect of magnetic metal sheet

As indicated in Table II, the four test vehicles have slightly
different conditions. Using these test vehicles, the differences
in miniaturization effects were investigated through measure-
ments.

Figure 7 plots the measurement results of S21. In the figure,
the solid curves and dashed curve correspond to the cases with
and without a magnetic metal sheet, respectively. For all test
vehicles with the magnetic metal sheet, the frequency shift
of the fundamental stopband towards the lower frequency is
observed. However, the amount of frequency shift depends on
the conditions.

First, the largest shift towards the lower frequencies in
Fig. 7 results from test vehicle (iii) consisting of the 0.3-mm
Type I sheet interposed between the EBG patterned plane and
dielectric. The thicker sheet was found to have an efficient
effect on the miniaturization.
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Next, it is observed in Fig. 7(a) that a magnetic metal sheet
placed between the EBG patterned plane and the dielectric
shifts the stopband more efficiently than one placed between
the dielectric and the ground plane. It is found that the
magnetic metal sheet placed on the EBG patterned plane has
a greater effect on the inductance of the branch.

Thirdly, higher permeability results in a larger frequency
shift, as shown in Fig. 7(b). This result is easily acceptable.

Finally, we again compare the S21 characteristics between
the cases with and without a magnetic metal sheet. As seen in
Fig. 7, no passband around 1.7 GHz and a wide fundamental
stopband are observed in all the cases with magnetic metal
sheets. The expanded stopband is observed independently of
the conditions.

Through the investigations done in this study, miniaturiza-
tion due to high-permeability magnetic materials was achieved,
and the maximum reduction factor in this study was esti-
mated to be approximately 50% through the frequency shift.
Because the third approach is compatible with the other two
approaches, miniaturization totalling 10% should be achieved
by applying all three approaches.

IV. CONCLUSIONS

A third approach to miniaturize planar EBG structures
formed in a parallel plane pair was investigated. This involves
the application of a high-permeability magnetic metal sheet to
the parallel plane pair to enlarge the inductance of the EBG
unit cell. Through experiments and numerical simulation, this
approach was found to be as effective in size reduction as
the two previous approaches. In addition, the imaginary part
of the permeability was found to contribute to the stopband
expansion.
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