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(57) Abstract: A cell forming a metamaterial, comprises a patch conductor, a conductor layer arranged in parallel with the patch
conductor, and a connection conductor contigured to electrically connect the patch conductor and the conductor layer. The connec -
tion conductor forms a helical electrical path by a plurality of conductor lines and a plurality of vias which connect the conductor
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DESCRIPTION
TITLE OF INVENTION

METAMATERIAL

TECHNICAL FIELD

[0001] The present invention relates to a
metamaterial to be mounted on a printed circuit board.
BACKGROUND ART

[0002] A metamaterial is an artificial material
obtained by periodically arranging unit elements called
cells and having electromagnetic characteristics not
existing in the natural world. The metamaterial is
applied to, for example, an electromagnetic bandgap
structure, an antenna, and a lens having a negative
flection ratio. The electromagnetic bandgap structure
is a metamaterial having a spécific frequency band (to
be referred to as an electromagnetic bandgap
hereinafter) that suppresses the propagation of
electromagnetic waves. The electromagnetic bandgap
structure having this electrical characteristic is
applied to a band-stop filter, to suppress the mutual
interference between antennas, and the like. Since the
electromagnetic bandgap structure also functions as a
magnetic wall, applications using this property are
being examined. For example, Japanese Patent Laid—Open
No. 2009-044556 has disclosed an antenna thinning

technique of closely arranging a metal plate and
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antenna by using the electromagnetic bandgap structure.
[0003] A mushroom structure is a metamaterial to
be mounted on a printed circuit board. The mushroom
structure is a structure in which cells each obtained
by connecting a conductor layer (generally, a ground
layer or power supply layer) and a patch conductor by a
connection conductor (generally, a single via) are
periodically two-dimensionally arranged (for example,
Japanese Patent Laid-Open No. 2002-510886). 1In the
mushroom structure as shown in Fig. 1 of Japanese
Patent Laid-Open No. 2002-~510886, a series capacitor CL
is formed between adjacent patch conductors, and a
parallel inductor LL is formed by the connection
conductor. These elements are the elements of a left-
handed system. In addition, a series inductor LR is
formed by the patch conductor, and a parallel capacitor
CR is formed between the patch conductor and conductor
layer. These elements are the elements of a right-
handed system. A frequency between a parallel
resonance frequency osh (= 1/sqrt(LL x CR)) and series
resonance frequency wse (= 1/sqrt(LR x CL)) is the
electromagnetic bandgap. When the size of the cell is
decreased, therefore, the series capacitor CL, parallel
inductor LL, series inductor LR, and parallel capacitor
CR generally also decrease, and the frequency of the
electromagnetic bandgap rises. Accordingly, the

conventional mushroom structure requires large cells in
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order to achieve a low-frequency-band electromagnetic
bandgap. This makes it difficult to mount the mushroom
structure on a printed circuit board, particularly, a
small-sized, high~density printed circuit board.

[0004] Accordingly, a metamaterial
(electromagnetic bandgap structure) that lowers the
frequency of the electromagnetic bandgap by increasing
the parallel inductance LL by the shape of the
connection conductor has been proposed. For example,
each of Japanese Patent Laid-Open Nos. 2009-004779 and
2009-224567 has disclosed a metamaterial in which the
conductor length is increased by forming the connection
conductor by connecting a plurality of vias and a
plurality of conductor lines in series, thereby
increasing the inductor of the connection conductor,
that is, the parallel inductor LL.

[0005] Unfortunately, even the structures as
described in Japanese Patent Laid-Open Nos. 2009-004779
and 2009-224567 are insufficient to meet the recent

demands for high-density, small-sized packaging.

SUMMARY OF INVENTION
[0006] The present invention has been made in
consideration of the abovementioned problem, and has as
its object to provide a metamaterial cell that is small
in size and achieves a low-frequency-band

electromagnetic bandgap when compared to the
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conventional cells, by using a structure that
efficiently increases the inductance of a connection
conductor.

[0007] The present invention provides a cell
forming a metamaterial, comprising a patch conductor, a
conductor layer arranged in parallel with the patch
conductor, and a connection conductor configured to
electrically connect the patch conductor and the
conductor layer, wherein the connection conductor forms
a helical electrical path by a plurality of conductor
lines and a plurality of vias which connect the
conductor lines to the patch conductor and the
conductor layer.

[0008] Fu;ther features of the present invention
will become apparent from the following description of
exemplary embodiments (with reference to the attached

drawings) .

BRIEF DESCRIPTION OF DRAWINGS
[0009] ' Fig. 1 is a three-dimensional perspective

view of a metamaterial cell according to the first

embodiment;

[0010] Fig. 2 is a plan view of the cell shown in
Fig. 1; |

[0011] Fig. 3 is a view showing an example of the

array structure of the cell shown in Fig. 1;

[0012] Fig. 4 is a three-dimensional perspective
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view of a metamaterial cell according to a modification
of the first embodiment;

[0013] Fig. 5 is a three-dimensional perspective
view of a metamaterial cell according to another
modification of the first embodiment;

[0014] Fig. 6 is a three-dimensional perspective
view of a metamaterial cell according to still another
modification of the first embodiment;

[0015] Fig. 7 is a three-dimensional perspective
view of a metamaterial cell according to still another
modification of the first embodiment;

[0016] Fig. 8 is a three-dimensional perspective
view of a metamaterial cell according to still another
modification of the first embodiment;

[0017] Fig. 9 is a view for explaining the problem
of the metamaterial according to the first embodiment;
[0018] Fig. 10 is a three-dimensional perspective
view of a metamaterial cell according to the second

embodiment;

[0019] Fig. 11 is a plan view of the cell shown in
Fig. 10;
[0020] Fig. 12 is a three-dimensional perspective

view of a metamaterial cell according to a modification
of the second embodiment;

[0021] Fig. 13 is a plan view of the cell shown in
Fig. 12;

[0022] Fig. 14 is a three-dimensional perspective
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view of a metamaterial cell according to another

modification of the second embodiment;

[0023] Fig. 15 is a plan view of the cell shown in
Fig. 14;
[0024] Fig. 16 is a three-dimensional perspective

view of a metamaterial cell according to still another

modification of the second embodiment;

[0025] Fig. 17 is a plan view of the cell shown in
Fig. 16;
[0026] Fig. 18 is a three-dimensional perspective

view of a metamaterial cell according to still another
modification of the second embodiment; and

[0027] Fig. 19 is a view showing the array
structure of metamaterial cells according to the third

embodiment.

DESCRIPTION OF EMBODIMENTS
[0028] The inductance of a conductor is expressed
by the sum of the self-inductance and the mutual
inductance between the conductor and another conductor
close to it. The self-inductance is determined by the
shape of a conductor, and increases as the conductor
length increases. The mutual inductance between
conductors is obtained by Neumann's formula. For
example, a mutual inductance M between conductors 1 and

2 is expressed by Neumann's formula as:
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A4:=;E_§ § dsl - ds2 (1)
47[ CclJC2 r

where p is the magnetic permeability, Cl is the path of
integration extending along the shape of conductor 1,
C2 is the path of integration extending along the shape
of conductor 2, dsl is the infinitesimal segment vector
of conductor 1 (= the direction of an electric current
flowing through conductor 1), ds2 is the infinitesimal
segment vector of conductor 2, and r is the distance
between conductors 1 and 2.

[0029] From equation (1), when directions (to be
referred to as current directions hereinafter) in which
electric currents flow through close conductors are a
same direction, the mutual inductance is positive, and
the inductances of the conductors increase. On the
other hand, when the current directions are opposite,
the mutual inductance is negative, and the inductances
of the conductors decrease. In addition, the absolute
value of the mutual inductance increases as the
distance between the conductors reduces and the
parallelism between them increases.

[0030] From the foregoing, to efficiently increase
the inductance of a conductor, conductors having a same
current direction are desirably arranged parallel and
close to each other, and conductors having site current
directions are desirably spaced apart from each other.

Embodiments of the present invention will be explained
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below with reference to the accompanying drawings.
[0031] [First Embodiment]

Fig. 1 is a three-dimensional perspective view of
a metamaterial cell according to the first embodiment.
Fig. 2 is a plan view of the cell shown in Fig. 1. Fig.
3 is a view showing an array structure example 1000 of
the cell shown in Fig. 1. A cell 100 includes a patch
conductor 110, a conductor layer 120, a dielectric
layer 130, and a connection conductor 140 obtained by
connecting conductor lines 150-0 to 150-5 and wvias 160-
1 to 160-5 in series. The patch conductor 110 and
conductor layer 120 are arranged in parallel with each
other. The via 160-1 is connected to the patch
conductor 110 via the conductor line 150-0, and
connected to the via 160-2 via the conductor line 150-1.
Similarly, the vias 160-2 to 160-4 are respectively
connected to the vias 160-3 to 160-5 via the conductor
lines 150-2 to 150-4. The via 160-5 is connected to
the conductor layer 120 via the conductor line 150-5.
That is, the conductor lines are alternately arranged
as they are connected to the vias. More specifically,
the conductor lines 150-0, 150-2, and 150-4 are
arranged parallel and close to each other, and the
conductor lines 150~1 and 150-3 are also arranged
parallel and close to each other. In this arrangement,
an electrical path formed by the conductor lines and

vias forms a helical type shape (a spiral shape in a



WO 2014/050477 ‘ PCT/JP2013/073855

three-dimensional space), aS’shown in Fig. 1.

[0032] In this embodiment, the conductor lines
150-0, 150-2, and 150-4 and patch conductor 110 are’
arranged on the same plane, and the patch conductor 110
has a clearance for containing the conductor lines 150-
0, 150-2, and 150-4. Also, the conductor lines 150-1,
150-3, and 150-5 and conductor layer 120 are arranged
on the same plane, and the conductor layer 120 has a
clearance for containing the conductor lines 150-1,
150-3, and 150-5.

[0033] Assume that an electric current flows from
the patch conductor 110 to the conductor layer 120. 1In
this case, the electric current flows in the order of
the conductor line 150-0, wvia 160-1, conductor 1line
150-1, wvia 160-2, conductor line 150-2, via 160-3,
conductor line 150~3, wvia 160-4, conductor line 150-4,
via 160-5, and conductor line 150-5. That is, the
current directions are the same in the conductor lines
150-0, 150-2, and 150-4 arranged close to each other,
and in the conductor lines 150-1 and 150~3 arranged
close to each other. The current directions are also
the same in the vias 160-1, 160-3, and 160-5, and in
the vias 160-2 and 160-4. Therefore, the mutual
inductances generated between these conductor lines and
between these vias are positive, so the inductance of
the connection conductor 140 increases.

[0034] As described above, the connection
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conductor 140 according to this embodiment has a
helical type shape in which the conductor lines 150-1
to 150-5 and vias 160-1 to 160-5 are connected in
series, and conductor lines having the same current
direction are closely arranged. This sﬁape makes it
possible to efficiently increase the inductance of the
connection conductor.

[0035] Note that the connection conductor 140
according to this embodiment is obtained by connecting
the six conductor lines and five vias in series. That
is, the connection conductor shown in Fig. 1 includes
first to Nth vias (N is an integer of 3 or more), and
at least first ﬁo (N + 1)th conductor lines. The first
via is connected to the patch conductor via the first
conductor line, the Nth via is connected to the
conductor layer via the (N + 1)th conductor line, and
the Kth via (K is any integer from 1 to N - 1) is
connected to the (K + 1)th via via the (K + 1)th
conductor line. However, the numbers of conductor
lines and vias are not limited to these numbers. The
conductor lines and vias are desirably formed as thin
as possible, and their numbers are desirably increased
as much as possible, while the values of electric
currents flowing through them and their resistance
losses are taken into account, in order to obtain a
large inductance in a narrow space. Also, capacitors

are generated between closely arranged conductor lines
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and between closely arranged vias, and these capaéitors
contribute to an increase in parallel capacitance CR.
That is, when the conductor lines and vias are arranged
as closely as possible, it is possible to increase thé
parallel inductor LL and parallel capacitor CR, that is,
decrease the frequency of the electromagnetic bandgap.
On the other hand, the reduction in inductance can be
suppressed when the vias 160-1, 160-3, and 160-5 and
the vias 160-2 and 160-4 having current directions
opposite to each other at 180° are spaced apart from
each other as much as possible.

[0036] Also, in the connection conductor 140
according to this embodiment, the via 160-1 is
connected to the patch conductor 110 via the conductor
line 150-0. However, the present invention is not
limited to this arrangement, and the via 160-1 can also
be connected directly to the patch conductor 110, as
shown in Fig. 4. Likewise, the via 160-5 can also be
connected directly to the conductor layer 120, as shown
in Fig. 4. That is, the connection conductor shown in
Fig. 4 includes first to Nth vias (N is an integer of 3
or more), and first to (N - 1)th conductor lines. The
first via is directly connected to the patch conductor,
the Nth via is directly connected to the conductor
layer, and the Kth via (K is an integer of 1 to N - 1)
is connected to the (K + 1)th via via the Kth conductor

line.
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[0037] Furthermore, in the connection conductor
140 according to this embodiment, the conductor lines
150-0, 150-2, and 150-4 and patch conductor 110 are
formed on the same plane, and the conductor lines 150-1,
150-3, and 150-5 and conductor layer 120 are formed on
the same plane. However, the present invention is not
limited to this arrangement. For example, as shown in
Fig. 5, the conductor lines 150-1 and 150-3 can also be
formed on a plane 170 different from the conductor
layer 120. In this arrangement, the clearance for
containing the connection conductor can be excluded
from the conductor layer 120. Also, the plane 170 can
be formed not between the patch conductor 110 and
conductor layer 120, but above the patch conductor 110,
as shown in Fig. 6.

[0038] In addition, as shown in Fig. 7, the
conductor lines 150-2 and 150-4 can also be formed on a
plane 180 different from the patch conductor 110. In
this case, the clearance for containing the connection
conductor can be excluded from the patch conductor 110.
Also, the planes 170 and 180 can be formed not between
the patch conductor 110 and conductor layer 120, but
above the patch conductor 110 as shown in Fig. 8, or
below the conductor layer 120 although not shown. Note
that in the arrangement shown in Fig. 8, a hole 190
must be formed in the patch conductor 110 so as to

prevent an electrical connection between a via 160-6



WO 2014/050477 PCT/JP2013/073855

and the patch conductor 110.

[0039] Furthermore, the clearance formed in each
of the patch conductor 110 and conductor layer 120
according to this émbodiment is a square in the
drawings, but the shape of the clearance is not limited
to this, and any shape can be used as long as an
electrical connection to the contained conductor lines
can be avoided. To decrease the frequency, the area of
the clearance is desirably decreased as much as
possible, for example, a shape formed along the contour
of the conductor line is desirable, because the
parallel capacitor component increases. Also, the
patch conductor 110 according to this embodiment is a
square in the drawings, but the shape is not limited to
this and may also be a polygon (triangle or hexagon) or
a circle.

[0040] [Second Embodiment]

In the first embodiment, the metamaterial that
increases the inductance of the connection conductor by
forming it by connecting the vias and conductor lines
in series into a helical type shape has been explained.
Normally, a land (to be referred to as a via land
hereinafter) is formed around the opening of a via.
Although the size of the via land is not taken into
consideration in the first embodiment, the minimum
diameter of the via land is generally larger than the

minimum line width of the conductor line and the
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minimum pitch between the conductor lines. Therefore,
when increasing the density by closely arranging the
conductor lines in the electromagnetic bandgap
structure according to the first embodiment, the
minimum diameter of the via land restricts the density.
[0041] This problem restricting the density will
be explained with reference to Fig. 9. In Fig. 9, 9%a
is a plan view of the metamaterial cell explained in
the first embodiment. In 9aof Fig. 9, the via land has
the minimum diameter, and the conductor line has the
minimum line width. Assume that in %a, two conductor
lines and two vias are added by arranging the conductor
lines more closely, in order to increase the inductance
of the connection conductor. As shown in 9b in of Fig.
9, then, the via lands are electrically in touch with
each other, and the connection conductor no longer has
a helical type shape. Consequently, the inductance of
the connection conductor becomes smaller than that
shown in 9aof Fig. 9. This embodiment has been made in
consideration of this problem, and a metamaterial that
efficiently increases the inductance of the connection
conductor while taking account of the size of the via
land will be explained.

[0042] Fig. 10 is a three-dimensional perspective
view of a metamaterial cell according to an embodiment
of the present invention. Fig. 11 is a plan view of

the cell shown in Fig. 10. The array structure of the
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metamaterial is a structure in which the cells are two-
dimensionally arranged as shown in Fig. 3 of the first
embodiment, and hence is not shown.

[0043] A cell 200 includes a patch conductor 210,
a conductor layer 220, a dielectric layer 230, and a
connection conductor 240 obtained by connecting
conductor lines 250-0 to 250-7 and vias 260-1 to 260-7
in series. The via 260-1 is connected to the patch
conductor 210 via the conductor line 250-0, énd
connected to the via 260-2 via the conductor line 250-1.
Analogously, the vias 260-2 to 260-6 are respectively
connected to the vias 260-3 to 260-7 via the conductor
lines 250-2 to 250-6. The via 260-7 is connected to
the conductor layer 220 via the conductor line 250-7.
[0044] The conductor lines 250-0, 250-2, 250-4,
and 250-6 are arranged on the same plane as that of the
patch conductor 210, and the patch conductor 210 has a
clearance for containing the conductor lines 250-0,
250-2, 250-4, and 250-6. Also, the conductor lines
250-1, 250-3, 250-5, and 250-7 are arranged on the same
plane as that of the conductor layer 220, and the
conductor layer 220 has a clearance for containing the
conductor lines 250-1, 250-3, 250-5, and 250-7.

[0045] In this embodiment, the conductor lines
250~0, 250-2, 250-4, and 250-6 are arranged parallel
and close to each other, and adjacent conductor lines

are arranged in a zigzag direction, that is, staggered
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while maintaining the parallelism as shown in Fig. 11.
This arrangement makes it possible to increase the
distance between adjacent via lands. When compared to
the first embodiment, therefore, it is possible to
closely arrange the conductor lines, and efficiently
increase the inductance of the connection conductor in
a narrow space. Note that Figs. 10 and 11 illustrate
an example in which the conductor lines on the patch
conductor 210 are arranged in a zigzag direction, but
the conductor lines on the conductor layer 220 may be
arranged in a zigzag direction instead.

[0046] Fig. 12 is a three-dimensional perspective
view of a metamaterial cell according to a modification
of this embodiment. Fig. 13 is a plan view of the cell
shown in Fig. 12. The array structure of the
metamaterial is a structure in which the cells are two-
dimensionally arranged as shown in Fig. 3 of the first
embodiment, and hence is not shown. A cell 300
includes a patch conductor 310, a conductor layer 320,
a dielectric layer 330, and a connection conductor 340
obtained by connecting conductor lines 350-0 to 350-7
and vias 360-1 to 360-7 in series.

[0047] The via 360~1 is connected to the patch
conductor 310 via the conductor line 350-0, and
connected to the via 360-2 via the conductor line 350-1.
Similarly, the vias 360-2 to 360-6 are respectively

‘connected to the viasv360—3 to 360-7 via the conductor
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lines 350-2 to 350-6. The via 360-7 is connected to
the conductor layer 320 via the conductor line 350-7.
[0048] In this embodiment, the conductor lines
350-0, 350-2, 350-4, and 350-6 are arranged on the same
plane as that of the patch conductor 310, and the patch
conductor 310 has a clearance for containing the
conductor lines 350-0, 350-2, 350-4, and 350-6. Also,
the conductor lines 350-1, 350-3, 350-5, and 350-7 are
arranged on the same plane as that of the conductor
layer 320, and the conductor layer 320 has a clearance
for containing the conductor lines 350-1, 350-3, 350-~5,
and 350-7.

[0049] The conductor lines 350-0, 350-2, 350-~4,
and 350-6 are arranged parallel and close to each other,
and adjacent conductor lines are arranged such that
long and short lines are alternately arranged, as shown
in Fig. 13. This arrangement makes it possible to
increase the distance between adjacent via lands. When
compared to the first embodiment, therefore, it is
possible to closely arrange the conductor lines, and
efficiently increase the inductance of the connection
conductor in a narrow space. Note that Figs. 12 and 13
illustrate an example in which the lengths of the
conductor lines on the patch conductor 310 are changed,
but the lengths of the conductor lines on the conductor
layer 320 may be changed instead.

[0050] Fig. 14 is a three-dimensional perspective



WO 2014/050477 PCT/JP2013/073855

- 18 -

view of a metamaterial cell according to anothér
modification of this embodiment. Fig. 15 is a plan
view of the cell shown in Fig. 14. The array structure
of the metamaterial is a structure in which the cells
are two-dimensionally arranged as shown in Fig. 3 of
the first embodiment, and hence is not shown. A cell
400 includes a patch conductor 410, a conductor layer
420, a dielectric layer 430, and a connection conductor
440 obtained by connecting conductor lines 450-0 to
450-7 and vias 460-1 to 460-7 in series.

[0051] The via 460-1 is connected to the patch
conductor 410 via the conductor line 450-0, and
connected to the via 460-2 via the conductor line 450-1.
Likewise, the vias 460-2 to 460-6 are respectively
connected to the vias 460-3 to 460-7 via the conductor
lines 450-2 to 450-6. The via 460-7 is connected to
the conductor layer 420 via the conductor line 450-7.
[0052] In this embodiment, the conductor lines
450-0, 456—2, 450-4, and 450-6 are arranged on the same
plane as that of the patch conductor 410, and the patch
conductor 410 has a clearance for containing the
conductor lines 450-0, 450-2, 450-4, and 450-6. Also,
the conductor lines 450-1, 450-3, 450-5, and 450-7 are
arranged on the same plane as that of the conductor
layer 420, and the conductor layer 420 has a clearance
for containing the conductor lines 450-1, 450-3, 450-5,

and 450-7.
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[0053] The conductor lines 450-0, 450-2, 450-4,
and 450-6 are arranged parallel and adjacent to each
other, and each conductor line is arranged parallel to
the diagonal line of the patch conductor, as shown in
FIG. 15. This arrangement makes it possible to
increase the distance between adjacent via lands. When
compared to the first embodiment, therefore, it is
possible to adjacently arrange the conductor lines, and
efficiently increase the inductance of the connection
conductor in a narrow space. Note that Figs. 14 and 15
illustrate an example in which the conductor lines on
the patch conductor 410 are arranged parallel to the
diagonal line of the patch conductor, but the conductor
lines on the conductor layer 420 may be arranged
parallel to the diagonal line of the conductor layer
instead.

[0054] Fig. 16 is a three—dimensional perspective
view of a metamaterial cell according to still another
modification of this embodiment. Fig. 17 is a plan
view of the cell shown in Fig. 16. The array structure
of the metamaterial is a structure in which the cells
are two-dimensionally arranged as shown in Fig. 3 of
the first embodiment, and hence is not shown. A cell
500 includes a patch conductor 510, a conductor layer
520, a dielectric layer 530, and a connection conductor
540 obtained by connecting conductor lines 550-0 to

550-7 and vias 560-1 to 560-7 in series.
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[0055] The via 560-1 is connected to the patch
conductor 510 via the conductor line 550-0, and
connected to the via 560-2 via the conductor line 550-1.
Similarly, the vias 560-2 to 560-6 are respectively
connected to the vias 560-3 to 560-7 via the conductor
lines 550-2 to 550-6. The via 560-7 is connected to
the conductor layer 520 via the conductor line 550-7.
[0056] In this embodiment, the conductor lines
550-0 and 550-4 are arranged on the same plane as that
of the patch conductor 510, and the patch conductor 510
has a clearance for containing the conductor lines 550-
0 and 550-4. Also, the conductor lines 550-3 and 550-7
are arranged on the same plane as that of the conductor
layer 520, and the conductor layer 520 has a clearance
for containing the conductor lines 550-3 and 550-~7.
Furthermore, the conductor lines 550-2 and 550-6 are
arranged on a plane 580, and the conductor lines 550-1
and 550-5 are arranged on a plane 570. That is,
adjacent conductor lines are alternately arranged in
different layers.

[0057] This arrangement makes it possible to
increase the distance between via lands on the same
plane. When compared to the first embodiment,
therefore, it is possible to adjacently arrange the
conductor lines, and efficiently increase the
inductance of the connection conductor in a narrow

space. Also, as shown in Fig. 18, when the line width
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of the conductor line is increased to such an extent
that conductor lines adjacent to each dther on the same
plane are not electrically in touch with each other, it
is possible to increase a capacitor generated between
connection conductors adjacent to each other on the
same plane, and a capacitor generated between
connection conductors adjacent to each other on
different planes. Since this contributes to the
increase in parallel capacitor CR, a low-frequency-band
electromagnetic bandgap can be achieved by a smaller
cell.

[0058] By thus forming the connection conductors
to have the shapes as indicated by 240 in Fig. 10, 340
in Fig. 12, 440 in Fig. 14, and 540 in Fig. 16, the
inductance of the connection conductor can efficiently
be increased while taking account of the size of the
via land.

[0059] Note that the eight conductor lines and
seven vias are connected in series in the connection
conductors 240, 340, 440, and 540 according to this
embodiment, but their numbers are not limited to these
numbers as described in the first embodiment. Note
also that the clearances are formed in the patch
conductor and conductor layer and the connection
conductor is contained in these clearances in this
embodiment, but the present invention is not limited to

this arrangement as in the first embodiment. That is,
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the connection conductor may also be arranged on a
plane different from the patch conductor or conductor
layer, or on planes different from both of them. 1In
this case, it is possible to exclude the clearance for
containing the connection conductor from one or both of
the patch conductor and conductor layer.

[0060] [Third Embodiment]

In each of the first and second embodiments, the
array structure of the metamaterial cells has been
explained as a structure in which all the cells are
arranged such that their connection conductors are
.arranged in the same direction. For example, in the
array structure 1000 of the metamaterial cells of the
first embodiment shown in Fig. 3, the conductor lines
150-0, 150-2, and 150-4 of all the cells are arranged
parallel to the x-axis. In this structure, however,
the mutual inductance generated between adjacent
connection conductors in the x-axis direction is
different from that in the y-axis direction.

[0061] For example, it is obvious from equation
(1) that the mutual inductance generated between the
connection conductors in the cells 100A and 100B shown
in Fig. 3 differs from that generated between the
connection conductors in the cells 100A and iOOC. In
the metamaterial.cell array structure 1000, therefore,
the electromagnetic bandgap has different anisotropies

on the x-axis and y-axis. However, the anisotropy is
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desirably small in order to‘improve the convenience
when the electromagnetic bandgap structure is applied
to a band-stop filter or the like. In this embodiment,
a metamaterial having a small anisotropy will be
explained by taking account of the above problem. This
embodiment will be explained by taking the cell 100
explained in the first embodiment as an example.

[0062] Fig. 19 shows a metamaterial cell array
structure 2000 in which the cells 100 are arranged to
decrease the anisotropy. In the metamaterial cell
array structure 2000 as shown in Fig. 19, the
connection conductors of adjacent cells are arranged
suéh that they are rotated 90° to each other around the
z-axlis as a rotational axis. In this arrangement, the
difference between the mutual inductance generated
between two connection conductors in the x-axis
direction and the mutual inductance generated between
two connection conductors in y-axis direction is
smaller than that in the metamaterial cell array
structure 1000 shown in Fig. 3. A metamaterial having
a small anisotropy can be realized by thus arranging
the metamaterial cells.

[0063] Note that this embodiment has been
explained by taking the cell 100 according to the first
embodiment as an example, but the embodiment is not
limited to this. That is, an electromagnetic bandgap

structure having a small anisotropy can be realized by
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using the same structure for the cell structures (for
example, the cells 200, 300, 400, and 500 of the second
embodiment) included in the present invention.

[0064] Note also that the metamaterial of the
present invention has an electromagnetic bandgap in the
above explanation, but the metamaterial is not limited
to this. An example is a Oth-order resonance mode
antenna having no electromagnetic bandgap. That is,
any metamaterial including the cells of the present
invention is included in the scope of the invention.
[0065] While the present invention has been
described with reference to exemplary embodiments, it
is to be understood that the invention is not limited
to the disclosed exemplary embodiments. The scope of
the following claims is to be accorded the broadest
interpretation so as to encompass all such
modifications and equivalent structures and functions.
[0066] This application claims the benefit of
Japanese Patent Application No. 2012-211533, filed
September 25, 2012, which is hereby incorporated by

reference herein in its entirety.
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CLAIMS

1. A cell forming a metamaterial, comprising a patch
conductor, a conductor layer arranged-in parallel with
said patch conductor, and a connection conductor
configured to electrically connect said patch conductor
and said conductor layer,

wherein said connection conductor forms a helical
electrical path by a plurality of conductor lines and a
plurality of vias which connect said conductor lines to
said patch conductor and said conductor layer.
2. The cell according to claim 1, wherein

said connection conductor includes at least first
to Nth vias (N is an integer of not less than 3), and
at least first to (N - 1)th conductor lines,

the first via is directly connected to said patch
conductor,

the Nth via is directly connected to said
conductor layer, and

a Kth via (K is an integer of 1 to N - 1) is
connected to a (K + 1)th via via a Kth conductor line.
3. The cell according to claim l,lwherein

said connection conductor includes at least first
to Nth vias (N is an integer of not less than 3), and
at least first to (N + 1)th conductor lines,

the first via is connected to said patch
conductor via the first conductor line,

the Nth via is connected to said conductor layer
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via thé (N + 1)th conductor line, and

a Kth via (K is any integer from 1 to N - 1) is
connected to a (K + 1)th via via a (K + 1)th conduétor
line.
4. The cell according to any one of claims 1 to 3,
wherein said conductor lines are alternately arranged
on a plane of said patch conductor and a plane of said
conductor layer via said vias.
5. The cell according to any one of claims 1 to 3,
wherein another plane is further defined in addition to
said patch conductor and said conductor layer, and said
conductor lines are alternately arranged via vias on a
plane of one of said patch conductor and said conductor
layer and on the other plane.
6. The cell according to any one of claims 1 to 3,
wherein two other planes are further defined in
addition to planes of said patch conductor and said
conductor layer, and said conductor lines are
alternately arranged via vias on the two other planes.
7. The cell according to any one of claims 4 to 6,
wherein conductor lines arranged on one of different
planes are arranged in a zigzag direction.
8. The cell according to any one of claims 4 to 6,
wherein conductor lines arranged on one of different
planes are arranged such that lengths are different.
9. The cell according to any one of claims 4 to 6,

wherein conductor lines arranged on one of different
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planes are arranged parallel to a diagonal line of the
plane of one of said patch conductor and said conductor
layer.

10. The cell according to claim 4 or 5, wherein in a
case where said conductor lines are arranged on the
planes of said patch conductor and said conductor layer,
said patch conductor and said conductor layer each
comprise a clearance for containing said conductor
lines.

11. An array structure in which cells cited in any
one of claims 1 to 10 are arranged such that connection
conductors of two adjacent patch conductors are
arranged in the same direction.

12. An array structure in which cells cited in any
one of claims 1 to 10 are arranged such that connection
conductors of two adjacent patch conductors are rotated

90° to each other.
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