WO 2014/142345 PCT/JP2014/057630

10

15

20

25

Description

Title of the Invention

ANTENNA DEVICE

Technical Field
The present invention relates to an

antenna device.

Background Art

Some magnetic antennas include a flexible
substrate, on which a coil conductor is formed,
which is wrapped around a surface of a magnetic core.
In such a magnetic antenna, the magnetic core is a
plate-like body having at least two parallel sides,
and the coil conductor forms a rectangular spiral
shape with at least two parallel sides where a
winding center is a conductor opening. Patent
Document 1 discloses a magnetic antenna, in which a
flexible substrate is bent along two sides of a coil
conductor separated from a center of a conductor
opening and along two sides of the magnetic core.

Moreover, some magnetic sensor type
antennas arranged inside a chassis, have magnetic

cores including a magnetic body around which coils
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are wound, and receive magnetic components in
electromagnetic waves. Patent Document 2 discloses
a magnetic sensor type antenna, in which an end
portion of the magnetic core collecting magnetic
fluxes 1is bent in a direction moving away from an
adjacent chassis or an adjacent metal part inside
the chassis.
CITATION LIST
PATENT LITERATURE

Patent Document 1: Japanese Published
Patent Application No. 2010-056982; and

Patent Dbcument 2: Japanese Published

Patent Application No. 2006-050522.

Disclosure of Invention
PROBLEM TO BE SOLVED BY THE INVENTION

However, by the magnetic antenna disclosed
in Patent Document 1 or Patent Document 2, which are
magnetic sensor types, it is difficult to
communicate over long distances.

Morecver, a resonant type antenna in the
related art cannot be used for magnetic coupling
communication, because the communication distance is
long.

In view of the above subject matter, it is
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a general object of at least one embodiment of the
present invention to provide an antenna device,
which is ‘a magnetic coupling type antenna that can

communicate over long distances.

MEANS TO BE SOLVE THE PROBLEM

In order to solve the above problem,
according to an aspect of the present invention, an
antenna device of a magnetic coupling type includes
a magnetic body having a plate-like shape; and a
coil, which is wound around the magnetic body.

According to another aspect of the
invention, an éntenna device of a magnetic coupling

type includes a magnetic body including a first

‘magnetic body part having a plate-like shape; and a

second magnetic body part having a plate-like shape,
which is connected at an angle to the first magnétic
body part;a first antenna which has a coiled shape
and is wound around the first magnetic body part;
and a second antenna which has a coiled shape and
is wound around the second magnetic body paft which
generates a magnetic field, a polarity of which is
opposite to a polarity of a magnetic field generated

by the first antenna.
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EFFECTS OF THE PRESENT INVENTION
According to the present invention, a
magnetic- coupling type antenna device having a long

communication distance is provided.

Brief Description of Drawings

Fig. 1 is a perspective view illustrating
an example of an antenna device 100 according to a
first embodiment;

Fig. 2 is a top-front-side view
illustrating an example of the antenna device 100
according to the first embodiment;

Fig. 3 is a perspective view illustrating
an antenna device for comparison 150;

" Fig. 4 is a top*front;side view
illustrating the antenna device for comparison 150;

Fig. B5A is a diagram illustrating én
example of a result of a simulation for a density of
magnetic flux B around the antenna device 100
according to the first embodiment;

Fig. 5B is a diagram illustrating an
example of a result of a simulation for a density of
magnetic flux B around the antenna devige for
comparison 150;

Fig. 6A is a diagram illustrating an



WO 2014/142345 PCT/JP2014/057630

10

15

20

25

-5~

example of a result of a simulation for a magnetic
field H around the antenna device 100 according to
the first embodiment;

Fig. 6B is a diagram illustrating an
example of a result of a simulation for a magnetic
field H around the antenna device for comparison
150;

Fig. 7 is a perspective view illustrating

an example of the antenna device 100 according to

" the first embodiment mounted on a PCB (Printed

Circuit Board) 130;

Fig. 8 is a top-front-side view
illustfating an example of the antenna device 100
according to the first embodiment mounted on the PCB
130;

Fig. 9 1is a perspective view illustrating
an example of an antenna device 200 according to a
second embodiment;

Fig. 10 is a top-front-side view

illustrating an example of the antenna device 200

according to the second embodiment:;

Fig. 11A is a diagram illustrating an
example of a result of a simulation for a density of
magnetic flux around the antenna device 100

according to the first embodiment;
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Fig. 11B is a diagram illustrating an
example of a result of a simulation for a magnetic
field H around the antenna device 100 according to
the first embodiment;

Fig. 12A is a diagram illustrating an
example of a result of a simulation for a density of
magnetic flux around the antenna device 200
accordiné to the second embodiment;

Fig. 12B is a diagram illustrating an
example of a result of a simulation for a magnetic
field H around the antenna device 200 accofding to
the second embodiment;

Fig. 13 is a perspective view illustrating
an example of the antenna device 100 according to
the first embodiment and the antenna devices 200 and
200A according to ﬁhe'second empbodiment;

Fig. 14 is a diagram illustrating a
coupling coefficients of the antenna device 100
(close coiling), the énténna device 200 (coarse
coiling) and the antenna device 200A (very coarse
coiling);

| Fig. 15 is a diagram illustrating an
example of an antenna device 200B according to a
variation of the second embodiment;

Fig. 16 is a diagram illustrating an
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example of an antenna device 200C according to the
variation of the second embodiﬁent;

Fig. 17 is a diagram illustrating_an
example of an antenna device ‘200D according to the
variation of the second embodiment;

Fig. 18A is a perspecﬁive view
illustrating an example of an antenna unit lOlO'
according to a third embodiment;

Fig. 18B is a plan view illustrating the
example of the antenna unit 1010 according to the
third embodiment;

Fig. 19A is a perspective view
illustrating an example of an antenna unit 1010A
according to a variation of the third embodiment;

Fig. 19B is a plan view illustrating the
example of the antenna unit 1010A according to the
variation of the third embodiment;

Fig. 20A is an explanatory diagram
illustrating an example of a method of connecting
coils 1012A and 1012B in the antenna unit 1010
according to the third embodiment;

Fig. 20B is an explanatory diagram
illustrating another example of the method of
connecting the coils 1012A and 1012B in the antenna

unit 1010 according to the third embodiment;
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Fig. 21 1is a perspective view illustrating
an examplevof an antenna device 1100 according to
the third embodiment;

Fig. 22 is a top-front-side view
illustrating an example of the antenna device 1100
éccording to the third embodiment;

Fig. 23 is a perspective vieﬁ illustrating
the antenna unit for comparison 1150;

Fig. 24 is a top-front-side view
illustrating the antenna unit for comparison 1150;

Fig. 25A is a diagram illustrating an
example of a reéult of a simulation for a density of
magnetic flux B around the antenna device 1100
according to the third embodiment;

Fig. 25B is a diagram illustrating an
example of a result of a simulation for a density of
magnetic flux B around the antenna unit for
comparison 1150;

Fig. 26A is a diagram illustrating an
example of a result of a simulation for a magnetic:
field H around the antenna device 1100 according to
the third embodiment;

-Fig. 26B is a diagram illustrating an
example of a result of a simulation for a magnetic

field H around the antenna unit for comparison 1150;
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Fig. 27 is a perspective view illustrating
an example of the antenna device 1100 according to
the third embodiment mounted on a PCB (Printed
Circuit Board) 1130;

Fig. 28 is a top-front-side view
illustrating an example of the antenna device 110Q
according to the third embodiment mounted on the PCB
1130;

| Figf 29 1s a perspective view 1llustrating
an example of an antenna unit 1200 according to a
fourth embodiment;

Fig. 30 1s a top-front-side view
illustrating an example of the antenna unit 1200
according te the fourth embodiment;

Fig. 31A is a diagram illustrating an
example of a result of a simulation for a density of
magnetic flux around the antenna device 1100
according to the third embodiment:

Fig. 31B is a diagram illustrating‘én
example of a result of a simulation for a magnetic
field H around the antenna device 1100 according to
the third embodiment;

Fig. 32A is a diagram illustrating an
example of a result of a simulation for a density of

magnetic flux around the antenna unit 1200 according

'
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to the fourth embodiment;

Fig. 32B is a diagram illustrating an
example of a result of a simulation for a magnetic
field H around the antenna unit 1200 according to
the fourth embodiment;

Fig. 33 1s a perspective view illustrating
an example of the antenna deviée 1100 according to
the third embodiment and the antenna units 1200 and
1200A according to the fourth embodiment;

Fig.‘34 is a diagram illustrating coupling
coefficients of the antenna device 1100 (close
coiliﬁg), the antenna unit 1200 (coaise coiling) and
the antenna unit 1200A (very coarse coiling);

Fig. 35 is a diagram illustrating an
example of an antenna uﬁit 1200B according to a
variétion of the fourth embodiment;

Fig. 36 is a diagram illustrating an
example of an antenna unit 1200C according to the
variation of the fourth embodiment;

Fig. 37 is a diagram illustrating an
example of an antenna unit 1200D according to the -
variation of the fourth embodiment;

Fig. 38 1s a perspective view illustrating
an example of an antenna unit 2010 according to a

fifth embodiment}
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Fig. 39 1is a top-front-side view
illustrating an example of the antenna unit 2010
according to the fifth embodiment;

Fig. 40 is a perspective view illustrating
an example of an antenna device 2100 according to
the fifth embodiment;

Fig. 41 is a top-front-side view
illustrating an example of the antenna device 2100
according to the fifth embodiment;

Fig. 42 is a perspectivé view illustrating
the antenna unit for comparison 2150;

Fig. 43 is a top-front-side view
illustrating the antenna unit for comparison 2150;

Fig. 44A is a diagram illustrating an
example of a result of a simulation for a density of
magnetic flux B around the antenna device 2100
according to the fifth embodiment;

Fig. 44B is a diagram illustrating an
example of a result of a simulation for a density of
magnetic flux B around the antenna unit for
comparison 2150;

’Fig. 45A is a diagram illustrating an
example éf a result of a simulation for a magnetic
field H around the antenna device 2100 according to

the fifth embodiment;
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Fig. 453 is a diagram illustrating an
example of a result of a simulation for a magnetic
field H around the antenna unit for comparison 2150;

Fig. 46A is a diagram illustrating an
example of a model for the simulation for the
antenna unit 2010 according to the fifth embodiment;

Fig. 46B is a diagram illustrating an
example of a model for the simulation for the
antenna unit for comparison 2050;

Fig. 47A is a diagram illustrating a side
surface of the model shown in Fig. 46A parallel to
the XZ-plane viewed from a side in the positive
direction of the Y-axis;

Fig. 47B is a diagram illustrating a side
surface of the model shown in Fig. 46B parallel to
the XZ-plane viewed from the side in the positive
direction of the Y-axis;

Fig. 48 is a perspective view illustrating
an'example of an antenna unit 2200 according to a
sixth embodiment;

Fig. 49 is a top¥front—side view
illustrating an example of the antenna unit 2200
according to the sixth embodiment:;

Fig. 50A is a diagram illustrating an

example of a result of a simulation for a density of
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magnetic flux around the antenna device 2100
according to the fifth embodiment;

Fig. 50B is a diagram illustrating an
example of a result of a simulation for a magnetic
field H around the antenna device 2100 according to
the fifth embodiment;

Fig. 51A is a diagram illustrating an
example of a result of a simulation for a density‘Of
magnetic flux around the antenna unit 2200 according
to the sixth embodiment;

Fig. 51B is a diagram illustrating an
example of a result of a simulation for a magnetic
field H around the antenna unit 2200 according to
the sixth embodiment;

Fig. 52 is a perspective view illustrating
an example of the antenna device 2100 according to
the fifth embodiment and the antenna units 2200 and
2200A according-to the sixth embodiment;

Fig. 53 is a diagram illustrating a
coupling coefficient of the antenna device 2100
(close coiling), the antenna unit 2200 (coarse
coiling) and the antenna unit 2200A (very coarse
coiling);

Fig. 54 is a diagram illustrating an

example of an antenna unit 2200B according to a
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variation of the sixth embodiment;

Fig. 55 is a diagram illustrating an
example of an antenna unit 2200C according to the
variation of the sixth embodiment; and

Fig. 56 is a diagram illustrating an
example of an antenna uniﬁ 2200D according to the

variation of the sixth embodiment.

Best Mode for Carrying Out the Invention

Although the present invention will be
described with referencento embodiments, the present
invention is not limited to these embodiments, but
various variations and modifications may be made
without departing from the scope of the invention as
set forth in the accompanying claims.

In thg following, émbodiments to which an
antenna device according to the present invention is
applied will be described.

<First embodiment>

Fig. 1 is a perspective view illustrating
an antenna devic§ 100 according to a first
embodiment. Fig. 2 1s a top-front-side view
illustrating the antenna device 100 according to the
first embodiment. In Figs.'l and 2, an XYZ

coordinate system, which is an orthogonal coordinate
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system, 1is employed.

The antenﬁa device 100 is a magnetic
coupling type antenna device, and includes a
magnetic body 110 and a coil 120.

5 The‘magnetic coupling type antenna device
100 is different from a resonant type antenna device,
which sends/receives electromagnetic waves by
resonating with an electromagnetic wave of a
specific frequency. Whereas, the magnetic coupling

10 type anténna device 100 is an antenna device which
magnetically couples to the magnetic flux generated
from an antenna device in an other communication
party, to perform communication.

Accordingly, a communication distance of

15 the resonance type antenna device is from a few
meters to more than several kilometers. On the
other hand, the communication distance df the
magnetic Coupling type device 100 is, for example,
about one meter or less.

20 That is, the magnetic coupling type
antenna device 100 1is an antenna device for short
distance communication or proximity communication.
The antenna device 100, for example, sends/receives
a signal with a frequency of 13.56 MHz.

25 A magnetic body 110 is a cuboid-shaped
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sintered ferrite, and for example, may have a short
direction length (X-~axis direction) A of 11 mm, a
longitudinal direction length (Y-axis direction) B
of 14 mm, and a thickness (Z-axis direction) C of
0.2 mm.

A size of the magnetic body 110, as above,
is an example. The magnetic body 110 may have the
short direction length (X-axis direction) A of 6 mm,
the longitudinal direction length (Y—éxis»direction)
B of 24 mm and the thickness (Z—axis_direction) C of
0.2 mm.

The magnetic body 110 is only required to
be plate-like, and the shape of the magnetic body
110 may be determined according to the size or the
shape of a space where the antenna device 100 is
implemented. The magnetic body 110 is not limited
to a sintered ferrite, but may use any ferromagnetic
body, such as iron, nickel, cobalt, or an alloy of
these metals. Moreover, the magnetic body 110 may
be a flexible sheet-like member having flexibility.

A coii 120 is an example of a coiled
antenna (coil antenna) which is wound in the short
direction of the magnetic body 110 (X-axis
direction) around the magnetic body 110 at a centrél

region in the longitudinal direction of the magnetic
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body 110 (Y-axis direction). Accordingly, a
distance D between the center of the region wﬁere
the coil 120 is wound around the magnetic body 110
in the Y-axis direction and the end portion of the
magnetic body 110 on the side of the negative
direction of the Y-axis is 7 mm where the length B
is 14 mm. When the length B is 24 mm, the length D
is 12 mm.

Both ends 12i and 122 of the coil 120 are
connected to a communication unit of a device which
performs communication using the antenna device 100.

As a coil 120, for example, a copper line
may be used. A diameter of the coil 120 (wire
diameter) may, for example, be 50 pum. A number of
turns of the coil 120 may be, for example, about
twenty. Wires in the coil 120 wound around the
magnetic body 110 are wound so as to be closély in
contact with each other.

The winding of the coil 120, as above,
will be denoted as “close coiling” in the following.
Moreover, on a surface of the conductor wire used
for the coil 120 an enamel coating is applied. The
diameter of the coil 120 is 69 pm including the
enamel coating.

Meanwhile, the diameter or the number of
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turns is an example, and they may be arbitrarily
determined according to a purpose of the antenna
device 100 or the like.

Moreover, in the present embodimént,'the
coil 120 is wound around the magnetic body 110 in
the short Qirection of the magnetic body 110. The
colil 120 wound around the magnetic body 110 in the
short direction of the magnetic body 110, as shown
in Fig. 2, 1is considered to have a better
characteristic than the coill 120 wound around the
magnetid body 110 in the longitudinal direction of
the magnetic bodytllO.

This is because demagnetizing fields are
generated at both end portions of the magnetic body
110 (at the end portion on the side of the negative
direction of the Y-axis, and at the end portion on
the side of the positive direction of the Y-axis) by
the coil 120 wound in the short direction of the
magnetic body 110 in a looped shape. The influence
of the demagnetizing field becomes smaller as the
distance between the part where the coil 120 is
wound and the end portions of the magnetic body 110.

Moreover, the coil wound around the
magnetic body 110 in the longitudinal direction of

the maghetic body has a larger cross section than
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that of the coil wound in the short direction of the
magnetic body and the magnetic resistance becomes
smaller.

When the magnetic resistance increases, a
magnetic field in a different direction from the Y-
axis may occur, which will be explained later. On
the othér hand, when the magnetic résistance
decreases, only the magnetic field in the Y-axis
direction is used, and a range of use is restricted
depending on the reqguirement or specification of the
antenna.

For these reasons, the coil is preferably
wound around the magnetic body 110 in the short
direction of the magnetic body 110. Moreover, the
magnetic body 110 preferably has a rectangular shape
from a planar view. Moreover, the coil 120 is woﬁnd
preferably at a central region of the magnetic body
110, not at the end portion of the magnetic body.

| Next, the antenna device 100 according to
the present embodiment will be compared with an
antenna device for comparison 150 having a planar
antenna. The antenna device for comparison 150 will
be explained with reference to Figs. 3 and 4.
Fig. 3 is a perspective view illustrating

the antenna device for comparison 150. Fig. 4 is a
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top-front-side view 1llustrating the antenna device
for comparison 150. 1In Figé. 3 and 4, as in the
Figs. 1 and 2, the XYZ coordinate system, which is
an orthogonal coordinate system, is employed.

The anteﬁna device for comparison 150 is a
magnetic coupling type antenna device, as well as
the antenna device 100 according to the first
embodiment, and includes a ﬁagnetic body 110 and a
planar antenna 151. The magnetic body 110 in the
antenna device for comparison 150 is the same as the
magnetic body in the antenna device 100 according to
the preéent embodiment.

The planar antenna 151 is a copper line
which is wound in a rectangular shape along an outer
periphery of a surface on a positive side in the Z-
axls direction of the magnetic body 110. A number
of turns of the planar antenna 151 is, for example,
two. Both ends 151A and 151B of the planar antenna
151 are connected to a communication unit in an
apparatus, which performs communication using the
antenna device 150.

Next, with reference to Figs. 5A to 6B,
results of electromagnetic field simulations will be
explained for the antenna device 100 according to

the first embodiment and the antenna device for
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comparison 150.
Figs. 5A and 5B are diagrams illustrating

results Qf simulations for density of magnetic flux
B around the antenna device 100 accordihg to the

5 first embodiment and the antenna device fdr
comparison 150, respectively. Fig. 5A shows the
density of magnetic flux B of the antenna device 100,
and Fig. 5B shows the density of magnetic .flux B of
the antenna device 150. |

10 In Figs. 5A and 5B, directions of arrows
iﬁdicate directions of the density of magnetic flux
B (directions of vectors).

Moreover, in the electromagnetic field

simulations, models for the antenna device 100 and

15" antenna device 150, which are shown in lower parts
of Figs. 5A and 5B, respectively. in the antenna
device 100, the origin of the XY? coordinate system
is on the surface on the positive side in the Z-axis
direction of the magnetic bédy 110 (z=0), at a

20 center of the magnetic body 110 in the short
direction (X=0), énd at the midpoint of the end
portion of the magnetic body 110 on the positive
side in the Y-axis direction and an end portion of
the coil 120 on the positive side in the Y-axis

25 direction.
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Moreover, in the antenna device 150, on
thé positive side in the Y-axis direction, on a half
of the surface on the positive side in the Z-axis
direction, the planar antenna 151 having a
rectangular shape is disposed, and the origin of the
XYZ coordinate system is set at the center of the
loop of the planar antenna 151. ©Positions of the
origins are the same in Fig. 5A and 5B.

Comparing Fig. 5A and 5B, it is found that
the density of magnetic flux by the antenna device
for comparison 150 is concentrated around the Z-axis
in the Z-axils direction, and that the density of
magnetic flux by the antenna device according to the
first embodiment is widely distributed in the total
YZ-plane.

Moreover, strengths of the magnetic field
H at a point separated in the Z-axis direction from
the origin are found to be almost equivalent between
the antenna device 100 according to the firét
embodiment and the antenna device for comparison 150.

A density of magnetic flux B around the
antenna device for comparison 150 is distributed so
as to arise from the planar coil 151 in the positive
direction of the Z-axis, turn to the positive and

negative directions of the Y-axis, and return to the
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planar coil 151 from the side of the negative
direction of the Z-axis.

A density of magnetic flux B around the
antenna device 100 according to the first embodiment
1s distributed so as to arise from the coil 120 in
the positive direction of the Y-axis, turn to the

positive and negative directions of the Z-axis, and

return to the coil 120 from the side of the negative

direction of the Y-axis.

Moreover, at a position separated from the
origin in.the Y-axis direction, the magnetic field H
and the density of magnetic flux B of the antenna
device 100 according to the first embodiment are

found to be higher than those of the antenna device

. for comparison 150, respectively.

Figs. 6A and 6B show results of
simulations for the magnetic field H around the
antenna device 100 according to the first embodiment
and the antenna device for comparison 150,
respectively. Fig. 6A shows the magnetic field H of
the ahtenna device 100, and Fig. 6B shows the
magnetic field H of the antenna device 150.

In the simulations for the magnetic field
H, as shown in Figs. 6A and 6B, the same models for,

the antenna devices 100 and 150 as in Figs. 5A and
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5B are employed, and thé positions of the origins in
the XYZ coordinate system are the same as in Figs.
5A and 5B, respectiveiy.

In Figs. 6A and éB, the magnetic field in

5 a dark region is higher than that in a lighter
region.

As shown in Figs. 6A and 6B, compared with
the magnetic field H formed by the antenna device
for comparison 150 (Fig. 6B), the magnetic field H

10 formed by the antenna device 100 according to the
first embodiment (Fig.'GA) is found to show overall
higher Values. Moreover, also at positions
separated from the origin in the Z-axis direction
and 1n the Y-axis direction, higher values of the

15 magnetic field are obtained for the antenna device
100 according to the first embodiment.

As described above, from the results of
the electromagnetic field simulation, shown in Figs.
5A to 6B, the distribution of the density of

20 magnetic flux B is found to be quite different
between the antenna device 100 according to the
.first empbodiment and the antenna device for
comparison 150.

Moreover, the magnetic field H of the

25 antenna device 100 according to the first embodiment
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is higher in a wider area than that of the antenna
device for comparison 150, and also at positions
separated from the origin in the Z-axis direction
and in the Y-axis direction, higher values are
5 obtained.
~ When an electric current is applied to the
planar antenna in the antenna device for comparison
150, a magnetic field H in the Z-axis direction
arises according to Ampere’s right-handed screw rule.
10 Since the directions of the magnetic field
H and of the magnetiq flux B are the same, the
magnetic flux from the planar coil 151 of the
antenna device for. comparison 150 is radiated from
the magnetic body 110 in the Z-axis direction, and
15 as shown in Fig. 5B, forms a distribution having a
shape of a figute eight rotated by 90 degrees with a
center at the origin.
On the other hand, in the antenna device
100 according to the first embodiment, the magnetié
20 field H formed by the coil 120, which is wound
around the magnetic body 110 in a form of a loop,
has a direction of the Y-axis according to the
Ampere’s right-handed screw rule.
For this reason, in the case of the

25 antenna device 100 according to the first embodiment,
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the magnetic flux by the coil 120 propagates in the
Y-axis direction inside the magnetic body 110.

In this way, the magnetic flux by the coil
120 has the direction of the Y-axis, but on the
whole, as shown in Fig. 5A, the magnetic flux by the
antenna device 100 according to the first embodiment
is found to be distributed in the Z-axis direction.
Moreover, the magnetic field H genéréted by the coil
120 is found to spread also in the Z-axis direction,
as shown in Fig. GA.

Since a magnetic resisténce inside the
magnetic body 110 is higher than that outside the
magnetic body (in the air), a magnetic flux having
the Y-axis direction generated by the antenna device
100 propagates in a space where the magnetic
resistance is lower, i1.e. outside the magnetic body
110. |

For this reason, in the‘antenna device 100

according to the first embodiment, the magnetic flux

having the Y-axis direction generated inside the

magnetic body 110 by the coil 120 spreads outside

the magnetic body 110, and is considered to spread

also to the Z-axis direction (see Fig. 5A).
Moreover, the magnetic body 110 has a

length in the Z-axis direction which is quite small
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compared with the lengths in the Z-axis direction
and the Y-axis direction. That is, the magnetic
body 110 is quite like a thin plate-like member.
This means that a cross section of the magnetic body
110 parallel to the XZ-plane is small and thin in
the Z-axis direction.

In general, the magnetic resistance of the
magnetic body becomes higher, as the cross section
becomes smaller. For this reason, the magnetic
resistance of the magnetic body 110 according to the
first embodiment is gquite high.

Accordingly, when an electric current is
applied to the coil 120 of the antenna device 100
according to the first embodiment, the magnetic flux
generated inside the magnetic body 110 in the Y-axis
direction enters a state easily radiated in the Z-
axis direction..

For this reason, in the antenna device 100,
making the thickness of the magnetic body 110 thin
is effective for obtaining a long communication
distance in the Z-axis direction (direction of the
thickness of the magnetic body 110).

Next, with reference to Figs. 7 and 8, a
communication distance in the caée where the antenna

device 100 according to the first embodiment is



WO 2014/142345 PCT/JP2014/057630

10

15

20

25

~28-

mounted on a PCB (Printer Circuit Board) 130 will be

explained.

Fig. 7 is a perspective view illustrating
a state where the antenna device 100 according to
the first embodiment mounted on the PCB 130. Fig.
8 is a top-front-side view illustrating the state
Qhere the antenna device 100 according to the first
embodiment mounted on the PCB 130. 1In Figs. 7 and 8,
as in the Figs. 1 and 2, the XYZ coordinate system,
which is an orthogonal coordinate systém, is
employed.

The PCB includes a copper foil 131 formed
on a surface on the side of the positive direction
of the Z-axis. As shown in Figs. 7 and 8, the
antenna device 100 1s mounted on the copper foil 131
of the PCB 130.

In the following, a communication distance
in the Z-axis direction in the case where the
antenna device 100 is mounted on the PQB 130, and a
communication distance in the Z-axis direction of
the antenna device 100, which is not mounted on the
PCB 130 will be compared.

Moreover, as well as the antenna device
100, communication distances in the case whgre the

antenna device for comparison 150 is not mounted on
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the PCB 130 and in the casé where the antenna device
150 is mounted on the PCB 130 will be compared.

The communication distance in the present
embodiment is defined as a distance in the Z-axis
direction from a surface of the magnetic body 110 of
the antenna device 100 or 150 on the side of
positive direction of the Z-axis to the antenna of
the apparatus on the other end of the communication.

A result of the comparison shows that the
communication distance in the case where the antenna
device 100 is not mounted on the PCB 130 is 28.5 mm,
and the communication distance of the antenna device
100 mounted on the PCB 130 is 29.0 mm.

That is, it is found that the antenna
device 100 according to the first embodiment is
barely affected by thé copper foil 131, and even if
the antenna device 100 is mounted on the copper foil
131, the communication distance as in the case where
the antenna device 100 is not mounted on the copper
foil 131 can be obtained which isyalmost the same.

Moreover, the communication distance in
the case where the antenna device for comparison 150
is not mounted on the PCB 130 is 30.5 mm, and the
communication distance in the case where the antenna

device 150 is mounted on the PCB 130 is 13.0 mm.
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That is, 1t is found that the antenna
device for comparison 150 is significantly affected
by the copper foil 131, and the communication
distance 1s shortened markedly when the antenna
device 150'is mounted on the PCB 130.

In the case of actually incorporating the
antenna device 100 into a terminal apparatus, the
PCB (printed circuit board), on which the
communication circuit is mounted, is supposed to
exit the terminal apparatus, since the communication
circuit copnected to the antenna device 100 is
necessary.

| The PCB includes, 1in general, a solid
pattern, which is a copper foil formed on a surface
or in an.inner layer for a ground or a power source.
As the copper foil 131 shown in Figs. 7 and 8, the
solid pattern has approximately the same size as the
PCB 130 in planar view. That is, the copper foil
has been provided assuming a solid pattern included
in a general PCB.

Since even if the antenna device 100
according to the first embodiment is mounted‘on the
PCB 130, the communication distance is barely
affected, so the antenna device is more suitable to

be mounted on the PCB 130 than the antenna device
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"for comparison 150.

In this way, the reason why the
communication distance is barely affected, even 1if

the antenna device 100 is mounted on the PCB 130, is

considered to be. that in the antenna device 100, the

coil 120 is wound in the short directien around the
magnetic body 110 in a central region in the
longitudinal direction of the magnetic body 110, .
which is formed in a cuboid having a thin-plate
shape. |

It is considered that by using a coil 120,
which is wound as above, the magnetic flux is
propagated in the thickness direction of the
magnetic body 110 (Z-axis direction) efficiently,
the influence from the existence of the copper foii
131 to the communication distance is minimized.

As described above, according to ﬁhe first
embodiment, the antenna device 100, which provides a
long communication distance in the thickness
direction of the magnetic body 110 having a thin
plate shape wherein the communication distance is
not shortened even if the antenna device 100 is
embedded in a terminal apparatus which performs
short distance communication by magnetic coupling,

is provided.
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That 1is, according to the first emquiment,
the antenna device 100 is provided, wherein the
communication distance in the thickness direction of
the magnetic body 110 is long.

In the antenna device 100, at the central
part in the longitudinal direction of the magnetic
body 110 formed in a cuboid having a thin plate
shape, by winding the coil 120 in the short
direction of the magnetic body 110, the
communication distance in the thickness direction of
the magnetic body becomes longer.

As explained above with reference to Figs.

5A to 6B, the antenna device 100 according to the

first embodiment includes the magnetic body 110 and
the coil 120, having the above configurations, and
most of the magnetic flux generated at the coil 120
is directed in the positive direction of the Y-axis
inside the magnetic body 110.

Then, the‘magnetic flux radiated from the
coil 120 in the positive direction of the Y-axis, 1is
directed in the positive direction of thé Z-axis,
drawing a loop, and returns to the coil 120 from the
side of the negative direction of the Y-axis.

The antenna device 100 according to the

first embodiment generates the magnetic flux which
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is distributed as above, and even if the antenna
device 100 is mounted on the‘copper foil 131, the
returned magnetic flux propagates inside the
magnetic body 110 in the Y-axis direction, and is
radiated in the Z-axis direction, without the copper
foil 131 blocking the path.

In the antenna device for comparison 150,
the magnetic flux radiated from the planar coil 151
in the positive direction of the Z-axis, draws a
loop passing the sides of the pqsiti§e and negative
directions of the Y-axis, and returns to the planar
coil 151 from the side of the negative direction of
the Y-axis. When the magnétic flux returns to the
planar coil 151, the magnetic flux passes through
the copper foil 131, whereas an opposing magnetic
flux is generatéd by an eddy current reducing the
magnetic flux.

According to the differenée, as explained
above, the antenna device 100 according to the first
embodiment, in the state of being mounted on the'

copper foil 131, provides a longer communication

distance in the Z—-axis direction than that of the

antenna device for comparison 150.
Moreover, in the case of mounting the

antenna device 100 on the copper foil 131, not only



WO 2014/142345 _ PCT/JP2014/057630

10

15

20

25

._.34_

the communication distance in the Z-axis direction,
but also the communication distance in the
longitudinal direction (Y-axis direction) are longer
than those for the antenna device 150, since the
density of magnetic flux B and the magnetic field H
in thevlongitudinal direction of the magnetic-body
110 are higher than those in the antenna device 150.
Moreover, although the communication
distances in the X-axis direction for the éntenna
devices 100 and 150 are not compared, since the
density of magnetic flux B and the magnetic field H
in the Y-axis direction and in the Z-axis direction

are high for the antenna device 100, the density of

‘magnetic flux B and the magnetic field H in the X-

axis direction of the magnetic body 110 are also
considered to be high compared to the antenna device
150.

As described abéve, according to the first
embodiment, in a short distance communication of the
magnetic coupling type, the anténna device 100 which
provides a longer communication distance than that
by the antenna device for comparison 150, in which
the planar coil 151 is used, can be provided.

By incorporating.the antenna device 100 as

above into, for example, a terminal apparatus which
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performs a short distance communication by the
magnetic coupling, the communication distance to the
other end of the communication becomes longer thah
the case of incorporating the antenna device 150
into the terminal apparatus of the same kind, and a
certain communication can be performed.

As a result, a usability of the terminal
apparatus including the antenna device 100 can be
improved and reliability can be enhanced.

QSecond embodiment>

Fig. 9 is a pefspective view showing an
antenna device 200 according to a second embodiment.
Fig. 10 is a top-front-side view showing the antenna
device 200 according to the second embodiment. In
Figs. 9 and 10, an XYZ cocordinate system, which is
an orthogonal coordinate system, is employed.

The antenna device 200 according to the
second embodiment is different from the anfenna
device 100 éccording to the first embodiment in that
a number of turns of the coil 220 is less than that
of the coil 120 in the first embodiment.
Accordingly, wires in the coil 220 wound around the
magnefic body 110 are wound so as not to be in
contact with each other.

The antenna device 200 is a magnetic
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coupling type antenna device, and includes a
magnetic body 110 and'a coil 220.' The magnetic‘body
110 is the same as the magnetic bédy 110 in the
antenna device according to the first embodiment.
The coil 220 1is é coil, a number of turns of which
is less than the.coil 120 according to the first
embodiment. According to this feature, wires in the
coil 220 wound around the magnetic body 110 are
wound so as not to be in contact with each other.

The other configurations are the same as
the antenna device 100 according to the first
embodiment, and duplicate explaﬁatidns will‘be
omitted.

The coil 220 is wound in the short
direction (X-axis direction) of the magnetic body
110 in the central part in the longitudinal
direction (Y-axis direction) of the magnetic body
110. Accordingly, a distance D betweeﬁ the_center
of the region where the éoil 220 is wound around the
magnetic body 110 in the Y-axis direction and the
end portion of the magnetic body 110 on the side of
the negative.direction of the Y-axis is 7 mm.where
the length B is 14 mm. When the length B is 24 mm,
the length D is 12 mm. |

Both ends 221 and 222 of the coil 220 are
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connected to a communication unit of an apbaratus
which performs a communication using the antenna
device 200.
As a coil 220, for example, a copper line
5"may be used. A diameter of the coil 220 (wire
diameter) may, for example, be 50 um. A number of
turns of the coil 220 may be, for example, about
eight. Wires in the coil 220 wound around the
magnetic body 110 are wound so as not to be in
10 contact with each other. The winding of the coil
220, as above, will be denotéd as “ccarse coiling”
in the following.
Next, with reference to Figs. 11A to 12B,
results of{electromagnetic field simulations will be
15 explained for the antenna device 200 (coarse
coiling) according to the second embodiment and for
the antenna device 100 (close coiling) according to
the first embodiment. |
Figs. 11A and 11B are diagrams
20 illustrating results of simulations for density of
magnetic flux B and the magnetic field H around the
antenna device 100 according to the first embodiment,
respectively. Fig. 11A shows the density of
magnetic flux B of the antenna device 100, and Fig.

25 11B shows the magnetic field H of the antenna device
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.100.

Figs. 12A and 12B are diagrams
illustrating results of simulations for density of
magnetic flux B and the magnetic fieid H aréund ;he

5 antenna device 200 according to the second
embodiment, respectively. Fig. 12A shows the
density of magnetic flux B of the antenna device 200,
and Fig. 12B shows the magnetic field of the anteﬁna
device 200.

10 | In Figs. 11A and 12A, directions of arrows
indicafe directions‘of the density of magnetic‘flux
B (directions of wvectors). Moreover, in Figs. 11B
and 12B, the magnetic field in a dark region is
higher than that in a bright region. |

15 Moreover, the origin of the XYZ coordinate
system in the antenna devices 100 and 200 is on the
surface on the positi&e side in the Z-axis direction
of the magnetic body 110 (2=0), at a‘center of the
magnetic body 110 in the short direction (X=0), and

20 at a center of the magnetic body 110 in the positive
direction of the Y-axis.

Moreover, valués of the density of
magnetic flux B and the magnetic field H are

obtained under a condition that a loop antenna 160

25 is arranged above the antenna device 100 or 200 at a
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position where Z is 50 mm.

Comparing Fig. 11A with Fig. 12A, it is
found that curvatures of the density of magnetic
flux B in the vicinity of the origin for the antenna
device 200 according to the second embodiment are
smaller than those for the antenna device 100
according to the first embodiment. Furthermore, the
changes in directions of the density of magnetic
flux B around the antenna device 200 according to
the second embodiment are more gradual than those
around the antenna device 100 according to the first
embodiment.

The density of magnetic flux at a position
separated from the origin in the Y-axis direction
for the antenna device 100 according to the first
embodiment is almost the same as the density of
magnetic flux at the same position for the antenna
device 200 accordiﬁg to the second embodiment.

Moreover, for the magnetic field H,
comparing Fig. 11B with Fig. 12B, it is found that
curvatures of the isomagnetics of the magnetic field
H in the vicinity of the origin for the antenna
device 200 according to the second embodiment are
smaller than those for the antenna device 100

according to the first embodiment. Furthermore, the
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distribution of the magnetic field H around the
antenna device 200 according to the second
embodiment is wholly more gradual than that around
the antenna device 100 according to the first
embodiment.

The magnetic field at a position separated
from the origin in the Y-axis direction for the.
antenna device 100 according to the first embodiment
is almost the same as the magnetic field at the same
position for the antenna device 200 according‘to the
second embodiment.

As described above, it is found that the
distribution of the density of magnetic flux B and
the magnetic field H around the antenna device 200
according to the secoﬁd embodiment (coarse coiling)
is more gradual than those around the antenna device
100 according to the first embodiment (close

coiling). According to this property, the antenna

device 200 according to the second embodiment

generates the magnetic field H more effectively, and
wider distribution of the density of magnetic flux
can be obtained.

The above results are obtained by
comparing the aﬁtenna device 100 (close coiling)

prepared under the condition setting of the first
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embodiment and the antenna device 200 (coarse
coiling) prepared under the condition setting of the
second embodiment.

The number of turns of the coil 120 or 220,
therefore, may be optimizéd depending on the
intended use of the antenna device 100 or 200, or
the like.

A communication distance is obtained for
antenna devices 100,.200 and 200A, as shown in Fig.
13, in order to investigate an influence of the way
of winding in thevcoil 100 or 200 on the
communiéation distance.

Fig. 13 is a perspective view illustrating
the éntenna device 100 according to the first
embodiment, and the antenna devices 200 and 200A
according to the second embodiment.

The antenna device 100, shown in Fig. 13,
is the same as the antenna device 100 according to
the first embodiment, shown in Fig. 1. The antenna
device 200, shown in Fig. 13 is the same as the
antenna device 200 according to the second
embodiment, shown in Fig. 9.

In the antenna device 200A, as shown in
Fig. 13, the coil 220 is wound, so as to maintain

the number of turns for the coil 220 in the antenna
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‘device 200, shown in Eig. 9, i.e. twenty turns, and

to wind wires in a wider area in the Y-axis
direction around the magnetic body 110 in order to
make the space between the wires in the coil 220
wound aroﬁnd the magnetic body 110 wider. The way
of winding for the coil 220 in the antenna device
200A will be denoted as “véry coarse coiling” in the
following.

In the antenna device 100, a line to space
ratio (L/S ratio) for the coil 120 is 50/19 pm.
That is, in the coil 120, a wire with a diameter of
69 pm, including a conductive wire with a diameter

of 50 pum and enamel coating on it, is wound in the
close coiling.

Moreover, in the antenna device 200, the
line to space ratio (L/S ratio) for the coil 220 is
50/300 pm. That is, in the coil 220, a wire
including a conductive wire with a diameter of 50 pm
is wound in the coarse coiling with a space of 300
pm between wires.

Moreover, in the antenna device 200A, the
line to space ratio (L/S ratio) for the coil 220A is
50/600 pm. That is, in the coil 200A, a wire
including a conductive wire with a‘diameter of 50 um

is wound in the coarse coiling with a space of 600
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p between wires.

| The communication distances in the Z-axis
direction for‘the antenna devices 100, 200 and 200A
are 27.54mm, 30.0 mm and 31.0 mm, respectively,
according to actual measurements.

From the results of the measurements as
above, it is found that the communication distance
cén be adjusted by making the way of winding for the
coil 120 or 220 either close or coarse.

As described above, according to the
second embodiment, the antenna device 200 having a
long communication distance in the thickness
direction of the magnetic body 110 can be provided
as in the first embodiment.

Next, connection coefficients in the
antenna device 200 (coarse coiling) and in the
antenna device 200A (very coarse coiling) will be
described.

Fig. 14 is a diagram illustrating coupling
coefficients of‘the antenna device 100 (close
coiling), the antenna device 200 (coarse coiling)
and the antenna device 200A (very coarse coiling).

As shown in Fig. 14, the coupling
coefficient k of the antenna device 200A (very

coarse coiling) is the largest, and the coupling
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coefficient k of the antenna device 100 (close
colling) is the smallest.

From the above results, by winding the
coil 220 in the coarse coiling or in the very coarse
coiling as in the antenna device 200 of 200A, rather
than winding the coil 120 in the close coiling as in
the antenna dévice 100, a large coupling coefficient
and a long communication distance can be obtained.

As described above, the way of winding for
the coil 120 or 220 may be set depending on the
intended use of the antenna device 100 or 200, or
the like. 1If the magnetic body 110 is large enough
in the Y-axis direction, the way of winding is
preferably the coarse coiling or the very coarse
coiling.

Moreover, in the case of winding the coil
220 in the coarse coiling, the way‘of winding may be
changed, as shown in Figs. 15 to 17.

Figs. 15 to 17 are diagrams illustrating
antenna devices ZOOB, 200C and 200D according to a
variation of the second embodiment.

In the antenna device 200B shown in Fig.
15, a coil 220B is wound in parallel to the X-axis
on a surface of the magnetic body 110 on the side of

the positive direction of the Z-axis of the magnetic
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body 110. On a surface on the side of the negative
direction of the 7-axis of the magnetic body.llO,
the coil 220B is wound at an angle with the X-axis.

For example, in the antenna device 200B, a
distance between the ends 221B and 222B of the coil
220B is 50 mm. The coil 220B is wound wherein the
space between the wires is from 0.4 mm.to 0.5 mm and
the number of turns is twenty {(twenty turns).

In the antenna device 200C shown in Fig.
16, a coil 220C is wound at an angle with the X-axis
on the surface on the side of the positive direction
of the Z-axis of the magnetic body 110 and on the
surface on the side of the negative direction of the
Z-axis of the magnetic body 110. The angle between
the coil 220C and the X-axis on the side of the
positive direction of the Z—éxis is the same as the
angle between the coil 220C and the X-axis on the
side of the negative directi@n’of the Z-axis.

Accordingly, the coil 220C on the surface
on the side of the positive direction of the Z-axis
and the coil 220C on the surface on the side of the
negative direction of the Z-axis are arranged in
parallel, respectively.

For example, in the antenna device 200C, a

distance between the ends 221C and 222C of the coil
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220C is 50 mm. .The coil 220C is wound wherein the
space between the wires is 1.5 mm and the number of
turns is twenty (twenty turns).

In the antenné device 200D shown in Fig.
17, a cpil 220D is wound around a magnetic bodyllloA
which 1is more elongated than the magnetic body 110
shown in Fig. 16, i.e. the size in the X-axis
direction is smaller, by the same way of winding as
the coil 220C in Fig. 16.

The coil 220D is wound at an angle with
the X-axis on the surface on the side of the
positive direction of the Z-axis of the ﬁaénetic
body 110A and on the surface on the side of the
negative direction of the Z-axis of the magnetic
body 110A. The angle between the coil 220D and the
X—axis'on thé side of the positive direction of the

Z-axis of the magnetic body 110A is the same as the

:angle between the coil 220D and the X-axis on the

side of the negative direction of the Z-axis of the
magnetié body 110A.

Accordingly, the coil 220D on the surface
on the side of thé positive direction of the Z-axis
and the coil 220D on the surface on the side of the
negative direction of the Z-axis are arranged in

parallel, respectively.
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For example, in the antenna device 200D, a
distance between the ends 221D and 222D of the coil
220D is 50 mm. The coil 220D is wound wherein the
space between the wires is 0.7 mm to 1.1 mm and the
number of turns is twenty (twenty turns).

<Third embodiment>

Figs. 18A and 18B are diagrams
illustrating an antenna unit 1010 according to the
third embodiment. Fig. 18A is a perspective view of
the antenna unit 1010, and Fig. 18B is a plan view
of the antenna unit 1010.

The antenna unit 1010 includes-a magnetic
body 1011, a coil 1012A and a coil 1012B.

The magnetic body 1011 is a thin plate-
like sintered ferrite having an L-shape in planar.
view. The magnetic body 1011 is formed by
connecting a.cuboid—shaped magnetic body part 1011A
and a cuboid-shaped magnetic body part 1011B at an
angle of 90 degrees. The magnetic body pért 1011A
is an example of a first magnetic body part, and the
magnétic body part 1011B is an example of a second
magnetic body part.

The coil 1012A and the coil 1012B are
wound around the magnetic body part 1011A and the

magnetic body part 1011B, respectively.
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As the coils 1012A and 1012B, for example
a copper line may be used. A diameter of the coils
1012A and 1012B (wire diameter) may, for example, be
50 pm. A number of turns of the coils 1012A and
1012B may be, for example, about twenty. Wires in
the coils 1012A and 1012B wound around the magnetic
body 1011 are wound so as to closely contact with
each other.

The coil 1012A and the coil 1012B are
examples of a first antenna and a second antenna,
respectively.

The coil 1012A includes ends 1012A1 and
1012A2, and the coil 1012B includes ends 1012Bl1 and
1012B2. The coils 1012A and 1012B are wound in
directions opposite to each other as viewed from a
bent part 1111 of the magnetic body 1011.

Accordingly, when an electfic current is
applied from the end 1012A1 of the coil 1012A to the
end 1012B2 of the coil 1012B, wherein the end 1012A2
of the coil 1012A is connected to the end 1012B1 of
the coil 1012B, a magnetic field generated by the
coil 1012A and a magnetic field generated by the
coil 1012B are superimposed at the bent part 1111.

Accordingly, by connecting the coil 1012A

and the coil 1012B so that magnetic fields,
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polarities of which are opposite to each other, are
generated, a magnetic field at the bent part is
synthesized from the magnetic fields generated at
the coils 1012A and 10123.

Since'éhe numbers of turns of the coils
1012A and 1012B are the same, and the electric

current applied to them are the same, the electric

field at the bent part 1111 of the magnetic body’

1011 is about twice the magnetic field generated at

each of the coils 1012A and 1012B.

In the third embodiment, by using the
antenna unit 1010, as shown in Figs. 18A and 18B,
the communication distance by the anteana device of
the magnetic coupling type is made longer. A
principle of the antenna unit 1010 using the coils
1012A and 1012B wound around the magnetic body 1011
will be described later.

Figs. 19A and 19B are diagrams
illustrating an antenna unit 1010A according to a
variation of the third embodiment. Fig. 19A is a
perspective view of the anteﬁna unit, and Fig. 19B
is a plan view of the antenna unit.

The antenna unit 1010A includes a magnetic
body 1011C, a coil 1012A and a coil 1012B.

The magnetic body 1011C is a thin plate-
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like sintered ferrite having an L-shape in.planar
view. The magnetic body 1011C is formed by
connecting a cuboid-shaped magnetic body part 1011D
and a cuboid-~shaped magnetic body part 1011E at an
angle of 90 degrees. The magnetic body 1011C is
different from the magnetic body 1011 according to
the third embodiment in that the magnetic body part
1011D and the magnetic body part 1011E are separated
before connection, and connected as shown in Figs.
19A and 19B. The magnetic body part 1011D has a
longer size in the longitudinal direction than that
of the magnetic body part 1011E.

The magnetic body part 1611D is an example
of the first magnetic body part, and the magnetic
body part 1011lE is an example of the second magnetic
body part.

The coil 1012A and the coil 1012B are
wound around the magnetic body part 1011D and the
mégnetic body part 1011E, respectively.

Figs. 20A and 20B are diagrams
illustrating methods of connecting coils 1012A and
1012B in the antenna unit 1010 according to the
third embodiment."

The method of connecting the coils 1012A

and 1012B, shown in Fig. 20A, is the same as the



WO 2014/142345 PCT/JP2014/057630

10

15

20

25

._51_.

above~-described connecting method regarding Figs.
18A and 18B, and connecting the ends 1012A2 and
1012Bl1, shown in Figs. i8A and 18B.

The}connection method, shown in Fig. 20B
is to connect the ends 1012A1 and 1012B2. Also by
this connection method the coils 1012A and 1012B
generates the magnetic fields, polarities of which
are opposite to each other, and at the bent part
1111, the magnetic fields and the densities of
magnetic flux generated by the coils 1012A and 1012B
enhances each other.

| In this embodiment, the magnetic fields
generated by the coils 1012A and 1012B wound around
the magnetic body parts 1011A and 1011R,
respectively, of the magnetic body 1011 bent in an
L-shape, are reqﬁired only to have the polarities
opposite to each other.

Accordingly, a method of winding is nét
limited to the winding methods, shown in Figs. 18A,
18B, 19A, 19B, 20A and 20B.

For example, the coil 1012A or 1012B may
be wound in an opposite direction toc the direction
shewn in Figs. 18A, 18B, 19%A, 15B, 20A and 20B, and
an electric current may be applied in an opposite

direction. Furthermore, the coils 1012A and 1012B
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may be connected in a state of a cross-coupled
relation, so as to generate magnetic fields,
polarities of which are opposite to each other.

The magnetic fields, polarities of which
are opposite to each other, mentioned here are
magnetic fields which are generated by the coils
1012A and 1012B and enhance each other, not cancel
each other, at the bent part positioned between the
coils 1012A and 1012B.

Moreover, the embodiment in which the
magnetic body part 1011A and the magnetic body part
1011B of fhe magnetic body 1011 are connected at an
angle of 90 degrees in planar view will be explained
in the following. However, the angle between the
magnetic body part 1011A and the magnetic body part
1011B may be any value unless it is zero.

Accordingly, making an angle betwéen the
magnetic body parts 1011A and 1011B mentioned in
this embodiment means that the angle between the
magnetic body parts is greater than zero aﬁd less
than 180 degrees, and that the magnetic body parts
1011A and 1011B are not paréllel to each other.

In this way, if the magnetic body part
1011A makes an angle with the magnetic body part

1011B, and the coils 1012A and 1012B, wound around
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the magnetic body parts 1011A and 1011B respectively,
generate magnetic fields, polarities of which are
opposite to each other, the magnetic fields enhance
each other at the bent part 1111 where the magnetic

5 body part 1011A and the magnetic body part 1011B
Cross.

In the present embodiment, the coils 1012A
and 1012B are connected in series, as shown in Figs.
18Aa, 18B, 19A, 19B, 20A and 20B. The coils 1012A

10 and 1012B may be connected in parallel.

Next, the principle of the antenna unit
1010 according to the third embodiment will be
explained in detail.

In the antenna unit 1010 according to the

15 third embodiment (See Figs. 18A and 18B), the coils
1012A and 1012B are wound around the magnetic body
parts 1011A and 1011B of the magnetic body 1011,
respectively, and can be regarded as having two
antenna devices.

20 ' One antenna device includes the'magnetic
body part 1011A and the coil 1012A, and other
antenna device includes the magnetic body part 1011B

~and the coil 1012B.

Since the two anténna devices, as above,

25 have the same configuration, the principle of the
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antenna unit 1010 according to the third embodiment
will be explainea in the following by explaining the
principle of the antenna device.

Fig. 21 is a perspective view illustrating
an antenna device 1100 according to a third
embodiment. Fig. 22 is a top-front-side view
illustrating the antenna device 1100 according to
the third embodiment. In Figs. 21 and 22, an XYZ
coordinate.system, which is an orthogonal coordinate
system, 1s empleyed.

The antenna device 1100 is a magnetic
coupling type antenna device, and includes a
magnetic body 1110 and a coil 1120.

The magnetic coupling type antenna device
1100 is different from a resonant type antenna
device, which sends/receives electromagnetic waves
by resonating with an electromagnetic wave of a
specific frequency. Whereas, the magnetic coupling
type antenna device 1100 is an antenna device which
magnefically couples to the magnetic flux generated
from an antenﬁa in an other communication party, to
perform communication.

Accordingly, a communication distance of
the resonance type antenna device is from a few

meters to more than several'kilometers. On the
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other hand, the communication distance of the
magnetic coupling type antenna device 1100 is, for
example, .about one meter or less.

That is, the magnetic coupling type‘
antenna device 1100 is an antenna device for short
distance communication or proximity communication.
The antenna device 1100, for example, sends/receives
a signal with a frequency of 13.56 MHz.

A magnetic body 1110 is a cuboid-shaped
sintered ferrite, and for example, may have a short
direction length (X~axis direction) A of 11 mm, a
longitudinal direction_length (¥~axis direction) B
of 14 mm, and a thickness (Z~axis direction) C of
0.2 mm.

A size of the magnetic body 1110, as above,
is an example. The magnetic body 1110 may have the
short direction length (X-axis direction) A of 6 mm,

the longitudinal direction length (Y-axis direction)

- B of 24 mm and the thickness (Z-axis direction) C of

0.2 mm.

The magnetic body 1110 is only required to
be plate-like, and the shape of the magnetic body
1110 may‘be determined according to the size or the
shape of a space where the antenna device 1100 is

implemented. The magnetic body 1110 is not limited
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to a sintered ferrite, but may use any ferromagnetic
body, such as iron, nickel; cobalt, or an alloy of
these metals. Moreover, the magnetic body 1110 may
be a flexible sheet-like member héving flexibility.

A coil 1120 is an example of a coiled
antenna (coil antenna) which is wound in the short
direction of the magnetic body 1110 (X-axis
direction) around the magnetic body 1110 at a
central region in the longitudinal direction of the
magnetic body 1110 (Y-axis direction). Accordingly,
a distance D between the center of the region where
the coil 1120 is wound around the magnetic body 11l0
in the Y-axis direction and the end portion of the
magnetic body 1110 on the side of the negative
direction of the Y-axis is 7 mm where the length B
is 14 mm. When the length B is 24 mm, the length D
is 12 mm.

Both ends 1121 and 1122 of the coil 1120
are connected to a communication unit of an
apparatus which performs communication using the
antenna device 1100.

As a coil 1120, for example, a copper line
may be used. A diameter of the coil 1120 (wiré
diameter) may, for example, be 50 pm. A number of

turns of the coil 1120 may be, for example, about
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twenty. Wires in fhe coil 1120 wound around the
magnetic body 1110 are wound so as to be closely in
contact with each other.

The winding of the coil 1120, as above,
will be denoted as “close coiling” in the following.
Moreover, on a surface of the conductor wire used
for the coil 1120 an enamel coating is applied. The
diameter of the coil 1120 is 69 pum including the
enamel coating.

Meanwhile, the diameter or the number of
turns is an example, and they may be arbitrarily
determined according to a purpose of the antenna
device 1100 or the like.

Moreover, in the present embodiment, the
coil 1120 is wound around the magnetic body 1110 in
the short direction of the magnetic body 1110. The
coil 1120 wound around the magnetic body 1110 in the
short direction of the magnetic body 1110, as shown

in Fig. 22, is considered to have a better

characteristic than the coil 1120 wound around the

magnetic body 1110 in the longitudinal direction of
the magnetic body 1110.

This is because demagnetizing fields are
generated at both end portions of the magnetic body

1110 (at the end portion on the side of the negative
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direction of the Y-axis, and at the end portion on

the side of the positive direction of the Y-axis) by

‘“the coil 1120 wound in the short direction of the

magnetic body 1110 in a looped shape. The influence

of the demagnétizing field becomes smaller as the

- distance between the part where the coil 1120 is

wound and the end portions of the magnetic body 1110.

Moreover, the coil wound around the
magnetic body 1110 in the longitudinal direction of
the magnetic body has a larger cross section than
that of the coil wound in the short direction of the
magnetic body and the magnetic resistance becomes
smaller.

When the magnetic resistance increases, a
magnetic field in a different direction from the Y-
axis may occur, which will be explained later. On
the other hand, when the magnetic resistance
decreases, only the magnetic field in the Y-axis
direction is used, and a range of use is restricted
depending on the reguirement or specification of the -
antenna.

For these reasons, the coil is preferably
wound around the magnetic body 1110 in the short
direction of the magnetic body 1110. Moréover, the

magnetic body 1110 preferably has a rectangular
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shapelfrom a planar View, Moreover, the coil 1120
is wound preferably at a central region of the
magnetic body 1110, not at the end portion of the
magnetic body.

Next, the antenna device 1100 according to
the present embodiment will be compared with an

antenna device for comparison 1150 having a planar

antenna. The antenna device for comparison 1150

will be explained with reference to Figs. 23 and 24.

Fig. 23 is a perspective view illustrating
fhe antenna device for comparison 1150. Fig. 24 is
a top-front-side view illustrating the antenna
device for comparison 1150. In Figs. 23 and 24, as
in the Figs. 21 and 22, the XYZ coordinate system,
which is an orthogonal coordinate system, is
employed.

The antenna device for comparison 1150 is
a magnetic coupling type antenna device, as well as
the antenna device 1100 according to the third
embodiment, and includes a magnetic body 1110 and a
planar antenna 1151. The magnetic body 1110 in the
antenna device for comparison 1150 is the same as
the magnetic body in the antenna device 1100
according to the present embodiment.

The planar antenna 1151 is a copper line



WO 2014/142345 PCT/JP2014/057630

10

15

20

25

-60-

which is wound in a rectangular shape along an outer
periphery of a surface on a positive side in the Z-
axis direction of the magnetic body 1110. A number
of turns of the planar antenna 1151 is, for example,
two. Both ends 1151A and 1151B of the planar
antenna 1151 are connected to a communication unit
in an apparatus, which performs communication using
the antenna device 1150.

Next, with refereﬁce to Figs. 25A to 26B,
results of electromagnetic field simulationé will be
explained for the antenna device 1100 according to
the third émbodiment and the antenna device for
comparison 1150.

Figs. 25A and 25B are diégrams
illustrating results of simulations for density of
magnetic flux B around the antenna device 1100
according to the third embodiment and the antenna
device for comparison 1150, respectively. Fig. 25A
shows the density of magnetic flux B of the antenna
device 1100, and Fig. 25B shows the density of
magnetic flux B of the antenna device 1150.

In.Figs. 25A and 25B} directions of arrows
indicate directions of the density of magnetic flux
B (directions of vectors).

Moreover, in the electromagnetic field
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simulations, models for the antenna device 1100 and
antenna device 1150, which are shown in lower parts
of Figs. 25A and 25B, respectively. Iﬁ the antenna
device 1100, the origin of the XYZ coordinate system
is on the surface on the positive side in the Z-axis
direction of the magnetic body 1110 (Z=0), at a
center of the magnetic body 1110 in the short
direction (X=0), and at the midpoint of the end
portion of the magnetic body 1110 on the positive
side in the Y-axis direction and an end portion of

the coil 1120 on the positive side in the Y-axis

direction.

Moreover, in the antenna device 1150, on
the positive side in the Y-axis direction, on a half
of the surface on the positive side in the Z;axis
direction, the planar antenna 1151 having a
rectangular shape is disposed, and the origin of the
XYZ coordinate system is set at the center of the
loop of the planar antenna 1151. Positions ofvthe-
origins are the same in Fig. 25A and 25B.

Comparing Fig. 25A and 25B, it is found
that the density of magnetic flux B‘by the antenna
device for comparison 1150 is concentrated around
the Z-axis in the Z-axis direction, and that the

density of magnetic flux by the antenna device
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according to the third embodiment is widely
distributed in the total YZ-plane.

Moreover, strengths of the magnetic field
H at a point separated in the Z-axis direction from
the origin are found to be almost equivalent between
the antenna device 1100 according to the third
embodiment and the antenna device for comparison
1150.

A density of magnetic flux B around the
antenna device for comparison 1150 is distributed so
as to arise from the planar coil 1151 in the
positive direction of the Z-axis, turn to the
positive and negative directions of the Y-axis, and
return to the planar coil 1iBl from the side of the
negative direction of the Z-axis.

A density of magnetic flux B around the
antenha device 1100 according to the third
embodiment is distributed so as to arise from fthe
coil 1120 in the positive direcfion of the Y-axis,
turn to the positive and negative directions of the
Z7-axls, and return to the coil 1120 from the side of
the negative direction of the Y—axis.‘

Moreover, at a position separated from the
origin in the Y—a%is direction, it is found that the

magnetic flux loop is larger in the direction of the
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Z-axis and the intensity of the magnetic field is
larger for the antenna device 1100 according to the
third embodiment compared with the antenna device
for éomparison 1150.

5 Figs. 26A and 26B show results of
simulations for the magnetic field H around the
antenna device 1100 according to the third
embodiment and the antenna device for comparison
1150, respectively. Fig. 26A shows the magnetic

1Q field H of the antenna device 1100, and Fig. 26B
shows the magnetic field H of the antenna device
1150.
In the simulations for the magnetic field
H, as shown in Figs. 26A and 26B, the same models
15 for the antenna devices 1100 and 1150 as in Figs.
25A and 25B are embloyed, and the positions of the
origins in the XYZ coordinate system are the same as
in Figs. 25A and 25B, respectively.
In Figs. 26A and 26B, the magnetic field
20 in a dark region is higher than that in a lighter
region.
As shown in Figs.'26A and 26B, compared
with the magnetic field H formed by the antenna
device for comparison 1150 (Fig. 26B), the magnetic

25 field H formed by the antenna device 1100 according
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to the third embodiment (Fig. 26A) is found to show

overall higher values. Moreover, also at positions

. separated from the origin in the Z-axis direction

and in the Y-axis direction, higher wvalues of the
magnetic field are obtained for the antenna device
1100 according to the third embodiment.

As described above, from the results of
the electromagnetic‘field simulation, shown in Figs.
25A to 26B, the distribution of the density of
magnetic flux B is found to be quite different
between the antenna device 1100 according to the
third embodiment and the antenna device for
comparison 1150.

Moreover, the magnetic field H of the
antenna device 1100 according to the third
embodiment is higﬁer in a Wider area than that of
the antenné device for comparison 1150, and also at
positions separated from the origin in the Z-axis
direction and in the Y-axis direction, higher values
are obtained.

When an electric current is applied to the
planar antenna in the antenna device for comparison
1150, a magnetic fieldVH in the Z-axis direction
arises according to Ampere’s right-handed screw rule.

Since the directions of the magnetic field
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H and of the magnetic flux B are the same,'the
magnetic flux from the planar coil 1151 of the
antenna device for comparison 1150 is radiated from
the magnetic body 1110 in the Z-axis direction, and
as shown in Fig. 25B, forms a distribution having a
shape of a figure eight rotated by 90 degrees with a
center at the origin.

On the other hand, in the antenna device

1100 according to the third embodiment, the magnetic

field H formed by the coil 1120, which is wound
around the magnetic body 1110 in a form of a loop,
has a direction of the Y-axis according to the
Ampere’s right-handed screw rule.

For this reason, in the case of the
antenna device 1100 according to the third
embodiment, the magnetic flux B by the coil 1120
propagates in the Y-axis direction inside the
magnetic body 1110.

In this way, the magnetic flux B by the
colil 1120 has the direction of the Y-axis, but on
the whole, as shown in Fig. 25A, the magnetic flux B
by the antenna device 1100 according to thé third
embodiment is found to be distributed in the Z-axis

direction. Moreover, the magnetic field H generated

by the coil 1120 is found to spread also in the Z-
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axis direction, as shown in Fig. 26A.

Since a magnetic resistance inside the
magnetic body 1110 is higher than that outside the
magnetic body (in the air), a magnetic flux B having
the Y-axis direction generated by the antenna device
1100 propagates in a space where the magnetic
resistance 1s lower, i;e. outside the magnetic body
1110.

Fof this reason, 4in the antenna device
1100 according to the third embodiment, the magnetic
flux B having the Y-axis direction generated inside
the magnetic body 1110 by the coil 1120 spreads
outside the magnetic body 1110, and is considered to
spread also to the Z-axis direction (see Fig. 25A).

Moreover, the magnetic body 1110 has a
length in the Z-axis direction which is guite small
compared with the lengths in the Z-axis direction
and the Y-axis direction. That is, the magnetic
body 1110 is like a thin plate;like member. This
means that a cross section of the magnetic body 1110
parallel to the XZ-plane is small and thin in the Z-
axls direction.

In general, the magnetic resistance of the
magnetic body becomes higher, as the cross section

becomes smaller. For this reason, the magnetic
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resistance of the magnetic body 1110 according to
the third embodiment is quite high.

Accordingly, when an electric current is
applied to the coil 1120 of the antenna devicé 1100
according to the third embodiment, the_magnetic flux
generated inside the magnetic body 1110 in the Y-
axlis direction enters a state of being easily
radiated in the Z-axis direction.

For this reason, in the antenna device
1100, makinglthe thickness of the magnetic body 1110
thin‘is effective for obtaining a long communication
distance in the Z-axis direction (direction of the
thickness of the magnetic body 1110).
0091b

The antenna unit 1010, as shown in Fig.
18A and 18B includes the two antenna devices 1100
according to the third embodiment, as above? Since
the two antenna devices 1100 are configured so that
magnetic fields, polarities of which are opposite to
each other, are generated, an antenna unit 1010
having a long communication distance can be provided.

Next, with reference to Figs. 27 and 28, a
communication distance in the case where the antenna
device 1100>according to the third embodiment is

mounted on a PCR (Printer Circuit Board) 1130 will
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be explained.

Fig. 27 is a perspective view illustrating
a state where the.antenna device 1100 according to
the third embodiment mounted on the PCB 1130. Fig.
28 is a top-front-side view illustrating the state
where the antenna device 1100 according to the third
embodiment mounted on the PCB 1130. In Figs. 27 and
28, as in the Figs. 21 and 22, the XYZ coordinate
system, which is an orthogonal coordinate system, is
employed.

The PCB includes a copper foil 1131 formed
on a surface on the side of the positive direction
of the Z-axis. As shown in Figs. 27 and 28, the
antenna device 1100 is mounted ‘on the copper foil
1131 of the PCB 1130.

In thé following, a communication distance
in the Z-axis direction in the case where the
antenna device 1100 is mounted on the PCB 1130, and
a communication distance in the Z~axis direction of
the antenna device 1100, which is not mounted on the
PCR 1130 will be compared.

Moreover, as well as the antenna device
1100, communication distances in‘the case where the
antenna device for comparison 1150 is not mounted on

the PCB 1130 and in the case where the antenna
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device 1150 is mounted on the PCB 1130 will be
compared.

The communication distance in the present
embodiment is defined as a distance in the Z-axis
direction from a surface of the magnetic body 1110
of the antenna devices 1100 or 1150 on the side of
positive direction of the Z-axis to the antenna of
the apparatus on the other end of the communication.

A result of the comparison shows that the
communication distance in the case where the anfenna
device 1100 is not mounted on the PCB 1130 is 28.5
mm, and the communication distance of the antenna
device 1100 mounted on the PCB 1130 is 29.0 mm.

That is, it is found that the antenna
device 1100 according to the third embodiment is
bafely affected by the copper foil 1131, and even if
the anfenna device 1100 is mounted on the copper
foil 1131, the communication distance as in the case
where the anternna device 1100 is not mounted on the
copper foil 1131 can be‘obtained which is almost the
same.

Morecver, the communication distance in
the case where)the antenna device for comparison
1150 is not mounted on the PCR 1130 is 30.5 mm, and

the communication distance in the case where the
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antenna device 1150 is mounted on the PCB 1130 is
13.0 mm.

That 1is, it is found that the antenna
device for comparison 1150 is significantly affected
by the copper foil 1131, and the communication
distance is shortened markedly when the antenna
device for comparison 1150 is mounted on the PCB
1130.

In the case of actually incorporating the
antenna device 1100 into a terminal apparatus, the
PCB (printed circuit board), on which the
communication circuit is mounted, is supposed to
exit the terminal apparatus, since the communication
circuit connected to the antenna device 1100 is
necessary.

The PCB includes, in general, a solid
pattern, which is a copper foil formed on a surface
or in an inner layer for a ground or a power source.
As the copper foil 1131 shown in Figs. 27 and 28,
the solid pattern has approximately the same size as
the PCB 1130 in planar view. That is, the copper
foil has been provided assuming a solid pattern
included in a general PCB.

Since even if the antenna device 1100

according to the third embodiment is mounted on the
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PCB 1130, the communication distance is barely
affected, so the antenna de%ice is more suitable to
be mounted on the PCB 1130 than the antenna device
for comparison 1150.

’In this way, the reason why the
communication distance is barely affected, even if
the antenna device 1100 is moﬁnted on the PCB 1130;
is considered to be that in the antenna device 1100,
the coil 1120 is wound in the short direction around
the magnetic body 1110 in a cenﬁral region in the
longitudinal direction of the magnetic body 1110,
which is formed in a cuboid having a thin-plate
shape.

It is considered that by using a coil 1120,
which is wound as above, the.magnetic flux 1is
propagated in the thickness direction of the
magnetic body 1110 (Z-axis direction) efficiently,
the influence from the existence of the copper foil
1131 to the communication distance is minimized.

As described above, according to the third
embodiment, the antenna device 1100, which provides
a long communication distance in the thickness
direction of the magnetic body 1110 having a thin
plate shape wherein the communication distance is

not shortened even if the antenna device 1100 is
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embedded in a terminal apparatus which performs
short distance communication by magnetic coupling,
is provided.

That is, according to the third embodiment,
the antenna device 1100 is provided, wherein the
communication distance in the thickness diréction of -
the magnetic body 1110 is long.

In the antenna device 1100, at'the central
part in the longitudinal direction of the magnetic
body 1110 formed in a cuboidbhaving a thin plate
shape, by winding the coil 1120 in the short
direction of the magnetic body 1110, the
communication distance in the thickness direction of
the magnetic body becomes longer.

As explained above with reference to Figs.
25 and 26, the antenna device 1100 according to the
third embodiment includes the magnetic body 1110 and
the coil 1120, having the above configurati@ns, and
most of the magnetic flux B generated at the coil
1120 is directed in the positive direction of the Y-
axis inside the magnetic body 1110.

Then, the magnetic flux B radiated erm
the coil 1120 in the positive direction of the Y-
axis, is directed in the positive direction of the

Z-axis, drawing a loop, and returns to the éoil 1120
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from the side of the negative direction of the Y-
axis.

The antenna device 1100 according to the
third embodiment generateé the magnetic flux which

5 is distributed as above, and even if the antenna
device 1100 is mounted on the copper foil 1131, the
returned magnetic flux B propagates inside the
magnetic body 1110 in the Y-axis direction, and is
radiated in the Z-axis direction, without the copper

10 foil 1131 blocking the path.

In the antenna device for comparison 1150,
when the magnetic flux B radiated from the planar
coil 1151 in the positive direction of the Z-axis
passes through the copper foil 1131, whereas an

15 opposing magnetic flux B 1s generated by an eddy
current reducing the magnetic flux B.

According te the difference, as explained
above, the antenna devicelllOO according té the
third émbodiment, in the state of being mounted on

20 the copper foil 1131, provides a longer
communication distance in the Z-axis direction than
that of the.antenna device for comparison 1150.

Moreover, in the case of mounting the

antenna device 1100 on the copper foil 1131, not

25 only the communication distance in the Z-axis
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direction, but also the communication distance in
the longitudinal direction (Y-axis direction) are
longer than those for the antenna device 1150, since
the density of magnetic flux B and the magnetic
field H in the longitudinal direqtion of the
magnetic body 1110 are_higher than those in the
antenna device 1150.

Moreover, although the communication
distances in the X-axis difection for the antenna
devices 1100 and 1150 are not compared, since the
density of magnetic flux B and the magnetic field H
in the f—axis direction and in the Z-axis direction
are high for the antenna device 1100, the density of

magnetic flux B and the magnetic field H in the X-

.axis direction of the magnetic body 1110 are also

considered to be high compared to the antenna device
1150.

As described above, according to the third
embodiment, 1in a sﬂort distance communication of the
magnetic coupling type, the antenna device 1100
which provides a longer communication distance than
that by the antenna de&ice for comparison 1150, in
which the planar coil 1151 is used, can be provided.

The antenna unit 1010, as shown in Fig.

18A and 18B includes the two antenna devices 1100
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according to the third embodiment, as above. By
configuring the two antenna devices 1100 so as to
generate magnetic fields toward the connection
portion, an antenna unit iOlO having a wide
directivity and a long communication distance can be
provided.

By incorporating the antenna unit 1010 as
above into, for example, a terminal apparatus which
performs a short distance communication by the
magnetic coupling, the directivity becomes wider,
the communication distahce to the other end of the
communication becomes longer, and a certain
communication can be performed.

Moreover, when the antenna unit 1010 is
installed on the PCB substrate, the form and empty
space can be utilized effectively. For example, in
the case of incorporating into a SIM card, by
arranging at the corner portion of the PCB substrate,
a degree of freedom occurs in a layout of other
circuit elements or the like.

Furthermore, the connecting portion has an
effect of preventing a decline in the magnetic
permeability of the magnetic body. For example,
compared with the case where two plate-like magnetic

bodies are arranged via an air or a material other
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than the magnetic body, the communication distance
can be made longer. Moreover, by changing the shape
of the connecting portion, an adjustment to
strengthen a magnetic field in a direction slightly
deviated from the x~ or y-axis directions is
possible.

As described above, a usability of the
terminal apparatus including the antenna unit 1010
can be improved and reliability can be enhanced.

<Fourth embodiment>

An antenna device 1200 according to the
fourth embodiment is a variation of the antenna
device 1100 according to the third embodiment. The
two antenna devices 1200 according to the fourth
embodiment are included in the antenna unit 1010
(See Figs. 18A and 18B), as the antenna device 1100_
according to the third embodiment.

In the following, a configuration of the

antenna device 1200 according to the fourth

" embodiment will be explained.

Fig. 29 is a perspective view shOwingvan
antenna device 1200 according to a fourth embodiment.
Fig. 30 is a top-front-side view showing the antenna
device 1200 accofding to the fourth embodiment. In

Figs. 29 and 30, an XYZ coordinate system, which is
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an orthogonal coordinate system, is employed.

The antenna device 1200 according to\the
fourth embodiment is different from the antenna
devicé 1100 according to the third embodiment in
that a number of turns of the coil 1220 is less than
that of the coil 1120 in the third embodiment. -
Accordingly, wires in the coil 1220 wound around the
magnetic body 1110 are wound so as not to be in
contact with each other.

The antenna device 1200 is a magnetic
coupling type antenna device( and includes a
magnetic body 1110 and a coil 1220. The magnetic
body 1110 is the same as the magnetic body 1110 in
the antenna device according to the third embodiment.
The coil 1220 is a coil, a number of turns of which
is less than the coil 1120 according to the third
embodiment. According to this feature, wires in the
coil 1220 wound around the maénetic body 1110 are
wound so as not to be in contact with each other.

The other configurations are the same as
the antenna device 1100 according to the third
embodiment, and duplicate explanations will be
omitted.

The coil 1220 is wound in the shorﬁ

direction (X-axis direction) of the magnetic body
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1110 in the central part in the longitudinal
direction (Y-axis direction) of the magnetic body
1110. Accordingly, a distance D between the center
of thé region where the coil 1220 is wound around
the magnetic body 1110 in the Y-axis direction and
the end portion of the magnetic body 1110 on the
side of the negative direction of the Y-axis is 7 mm
where the length B is 14 mm. When the length B is
24 mm, the length D ié 12 mm. |

Both ends 1221 and 1222 of the coil 1220
are connected to a communication unit of an
apparatus which performs communication using the
antenna device 1200.

As a coil 1220, for example, a copper line
may be usgd. A diameter of thelcoil 1220 (wire
diameter) may, for example, be 50 um. A number of
turns of the coil 1220 may be, for example, about
eight. Wires in the coil 1220 wound around the
magnetic body 1110 are wound so as not to be in
contact with each other. The winding of the coil
1220, as above, will be denoted as “coarse coiling”
in the following.

Next, wifh reference to Figs. 312 to 32B,
results of electromagnetic field simulations will be

explained for the antenna device 1200 (coarse
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coiling) according to the fourth embodiment and for
the antenna device 1100 (close coiling) according to
the third embodiment.

Figs. 31A and 31B are diagrams
illustrating results of simulations for density of
magnetic flux B and the magnetic field H around the
antenna device 1100 according to thé third
embodiment,. respectively. Fig. 31A shows the
density of magnetic flux B of the antenna device
1100, and Fig. 31B shows the magnetic field H of the
antenna device 1100.

Figs. 32A and 32B are diagrams
illustrating results of simulations for density of
mégnetic flux B and the magnetic field H around the
antenna device 1200 according to the fourth
embodiment, respectively. Fig. 32A shows the
density of magnetic flux B of the antenna device
1200, and Fig. 32B shows the magnetic field of the
antenna device 1200.

In Figs. 31A and 32A, directions of arrows
indicate directions of the density of magnetic flux
B (directions of vectoré). Moreover, in Figs. 31B
and 32B, the magnefic field in a dark region is
higher than that in a bright region.

Moreover, the origin of the XYZ coordinate
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system in the antenna devices 1100 and 1200 is on
the surface on the positive side in the Z-axis
direction of the magnetic body 1110 (Z=0), at a
center of the magnetic\body 1110 in the éhort
direction (X=0), and at a center of the magnetic
body 1110 in the positive direction of the Y-axis.

Moreover, values of the density of
magnetic flux B and the magnetic field H are
obtained under a condition that a loop antenna 1160
is arranged above the antenna device 1100 or 1200 at
a position where Z is 50 mm.

Comparing Fig. 31A with Fig. 32A, it is
found that since curvatures of the density of
magnetic flux B in the vicinity of the origin for
the antenna device 1200 according to the fourth
embodiment are smaller than those for the antenna
device 1100 according to the third embediment, the
changes in directions of the density of)magnetic
flux B arocund the antenna device 1200 according to
the fourth embodiment are more gradual than those
around the antenna device 1100 according to the
third embodiment.

The density of magnetic flux at a position
separated from the origin in the Y-axis direction

for the antenna device 1100 according to the third
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embodiment is almost the same as the density of
magnetic flux B at the same position for the antenna
device 1200 according to the fourth embodiment.

Moreover, for the magnetic field H, as can
be seen by comparing Fig. 31B with Fig. 32B,
curvatures of the isomagnetics of the magnetic field
H in the vicinity of the origin for the antenna
device 1200 according to the fourth embodiment are
smaller than those for the antenna device 1100
aqcording to the third embodiment, and the
distribution of the magnetic field H around the
antenna deviqe 1200.according fo the fourth
embodiment is more gradual than that around the
antenna device 1100 according to the third
embodiment. Accordingly, the distribution of the
magnetic flux can be made wider.

The magnetic field at a position separated
from the origin in the Y-axis direction for the
antenna device 1100 according to the third
embodiment is almost the same as the magnetic field
at the same position for the antenna device 1200
according to the fourth embodiment.

As‘described ébove, it is found that the
distribution of the density of magnetié flux B and

the magnetic field H around the antenna device 1200
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according to the fourth embodiment (coarse coiling)
is more gradual than those afound the antenna device
1100 according to the third embodiment (close
coiling). According to this property, the antenna
device 1200 according to the fourth embodiment
generates the magnetic field H more effectively, and
wider distribution of the density of magnetic flux B
can be obtained.

The above results are obtained by
comparing the antenna device 1100 (close coiling)
prepared under the condition sétting of the third
embodiment and the antenna device 1200 (coarse
coiling) prepared under the conditién setting of the
fourth embodiment. -

The number of turns of the coil 1120 or
1220, therefore, may be optimized depending on the
intended use of the antenna device 1100 or 1200, or
the like.

A communication distance is obtained for
antenna devices 1100, 1200 and 1200A, as shown in
Fig; 33, in order to investigate an influence of the
way of winding in the coil 1100 or 1200 on the»
communication distance.

Fig. 33 is a perspective view illustrating

the antenna device 1100 according to the third
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embodiment, and the antenna devices 1200 and 1200A
according to the fourth embodiment.

The antenna device 1100, shown in Fig. 33,
is the same as the antenna device 1100 according to
the third embodiment, showﬁ in Fig. 21. The antenna
device 1200,‘shown in Fig. 33 is the same as thg
antenna device 1200 according to the fourth
embodiment, shown in Fig. 29.

In the antenna device 1200A, as shown in
Fig. 33, the coil 1220 is wound, so as to maintain
the number of turns for the coil 1220 in the antenna
device 1200, shown in Fig. 29; i.e. twenty turns,
and to wind wires in a wider area in the Y-axis
direction around the magnetic body 1110 in order to
make the space between the wires in the coil 1220
wound around the magnetic body 1110 wider. The way
of winding for the coil 1220 in the antenna device
1200A will be denoted as "“very coarse coiling” in
the following.

In the antenna device 1100, a line to
space ratio (L/S ratio) for the coil 1120 is 50/19
pm. That is, in the coil 1120, a wire with a
diameter of 69 um, including a conductive wire with
a diameter of 50 pm. and enamel coating on it, is

wound in the close coiling.
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Moreover, in the antenna device 1200, the
line to space ratio (L/S rafio) for the coil 1220 is
50/300 pum. That is, in the coil 1200, a wire
including a conductive wire with a diameter of 50 pm

5 is wound in the coarse coiling with a space'of 300
pm between wires.

Moreover, in the antenna device 1200A, the
line to space ratio (L/S ratio) for the coil 1220 is
50/600 pm. That is, in the coil 1220, a wire

10 including a conductive wiré with a diameter of 50 um
is wound in the coarse coiling with a space of 600
pm between wires.

The communication distances in the Z-axis
direction for the antenna devices,llOO, 1200 and

15 1200A are 27.5 mm, 30.0 mm and. 31.0 mm, respectively,
according to actual measurements.

From the results of the measurements as
above, it is found that the communication distance
can be adjusted‘by making the way of winding for the

20 coil 1120 or 1220 eithexr close or coarse..

As described above, according to the
fourth embodiment, the antenna device 1200 having a
long comﬁunication distance in the thickness
direction of the magnetic body 1110 can be provided

25 as in the third embodiment.
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The antenna unit 1010, as shown in Fig.
i8A and 18B includes the two antenna devices 1100
according to the third embodiment, as above. Since
the two antenna devices 1100 are configured so that
magnetic fields, polarities of which are opposite to

each other, are generated, an antenna unit 1010

having a long communication distance can be provided.

Next, connection coefficients in the
antenna device 1200 (coarse coiling) and in the
antenna device 1200A (very coarse céiling) will be
described.

Fig. 34 is a diagram illustrating coupling

coefficients of the antenna device 1100 (close

coiling), the antenna device 1200 (coarse coiling)

and the antenna device 1200A (very coarse coiling).

As shown in Fig. 34, the coupling
coefficient k of the antenna device 1200A (very
coarse coliling) is the largest, and the coupling
coefficient k of the antenna device 1100 (closeA
colling) is the smallest.

from the above results, by winding the
coil 1220 in the coarse coiling or in the very
coarse coiling as in the antenna device 1200 or

1200A, rather than winding the coil 1120 in the
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close coiling as in the antenna device 1100, a large
coupling coefficient and a long communication
distance can be obtained.
As described aBove, the way of winding for
5 the coil 1120 or 1220 may be set depending on the
intended use of the antenna device 1100 or 1200, or
the like. If the magnetic body 1110 is large enough
in the Y-axis direction, the way of winding is
preferably the coarse coiling or the very coarse’
10 coiling.
Moreover, in the céée of winding the coil
1220 in the coarse coiliﬁg, the way of windiﬁg may
be changed, as shown in Figs. 35 to 37.
Figs. 35 to 37 are diagrams illustrating
15 antenna devices 1200B, 1200C and 1200D according to
a variation of the fourth embodiment.
In the antenna device 1200B shown in Fig.
35, a coil 1220B is wound in paraliel to the X-axis
on a surface of the magnetic body 1110 on- the side
20 of the positive direction of the Z-axis of the
magnetic body 1110. On a.surface on the side of the
negative direction of the Z-axis of the magnetic
body 1110, the coil 1éZOB'is wound at an angle with
the X-axis.

25 For example, in the antenna device 1200B,
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a distance between the ends 1221B and 1222B of the
coil 1220B is 50 mm. The coil 1220B is wound
wherein the space between the wires is from 0.4 mm
to 0.5 mm and the number of turns 1is twenty (twenty
turns).

In the antenna device 1200C shown in Fig.
36, a coil 1220C is wound at an angle with the X-
axis on the surface on the side of the positive
direction of the Z-axis of the magnetic body 1110
and on the surface on the side of the negative
direction of the Z-axis of the magnetic body 1110.
The angle between the coil 1220C and the X-axis on
the side of the positive direction of the Z-axis is
the same as the angle between the coil 1220C andethe
X-axis on the side of the negative direction of the
Z-axis.

Accordingly, the coil 1220C on the surface
on the side of the positive direction of the Z-axis
and the coil 1220C on the surface on the side of the
negative direction of the Z-axis are arranged in
parallel, respectively.

For example, in the antenna device 1200C,
a distance between the ends 1221C and 1222C of the
coil 1220C is 50 mm. The coil 1220C is wound

wherein the space between the wires is 1.5 mm and



WO 2014/142345 PCT/JP2014/057630

10

15

20

25

—-88—

the number of turns is twenty (twenty turns).

In the antenna device 1200D shown in Fig.
37, a coil 1220D is wound around a magnetic body
1110A which is more elongated than the magnetic body
1110 shown in Fig. 36, i.e. the size in the X-axis
direction is smaller, by the same way éf winding as
the coil 1220C in Fig. 36.

The coil 1220D is wound at an angle with
the X-axis on the surface on the side of the
positive direction of the Z-axis of the magnetic
body 1110A and on the surface on the side of the
negative direction of the Z-axis of the magnetic
body 1110A. The angle between the coil 1220D and
the X-axis on the side of the positive direction of
the Z-axis of the magnetic body 1110A is the same as
the angle between the coil 1220D and the X-axis on
the side of the negative direction of the Z-axis of
thé maghetic body lllOA;

Accordingly, the coil 1220D on the surface
on the side of the positive direction of the Z-axis
and the coil 1220D on the surface on the side of the
negative direction of the Z-axis are arranged in
parallel, respectively.

For example, in the antenna device 1200D,

a distance between the ends 1221D and 1222D of the
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coil 1220D is 50 mm. The coil 1220D is wound
wherein the space-between the wires i1s 0.7 mm to 1.1
mm and the number of turns is twenty (twenty turns).
<Fifth embodiment>

5 Fig. 38 is a perspective view illustrating
an antenna unit 2010 according to a fifth embodiment.
Fig. 39 is a top-front-side view illustrating the
antenna unit 2010 according to the fifth embodiment.
In Figs. 38 and 39, an XYZ coordinate system, which

10 is an orthogonal coordinate system, is employed.

The antenna unit 2010 is a magnetic
coupling type antenna device, and includes an
antenna device 2100, which includes a magneticvbody
2110 and a coil 2120, and a metal plate 2130.

15 The magnetic coupling type antenna unit
2010 is different from a resonant type antenna
device; which sends/receives electromagnetic waves
by resonating with an electromagnetic wave of a
specific frequency. Whereas, the magnetic coupling

20 type antenna unit 2010 is an antenna device which
magnetically couples to the magnetic flux generated
from an antenna device in an other communication
party, to perform communication.

Accordingly, a communication distance of

25 the resonance type antenna device 1is from a few
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meters to more than several kilometers. On the

other hand, the communication distance of the
magnetic coupling type unit 2010 is, for example,
about one meter or less.

That 1is, the magnetic coupling type
antenna unit 2010 is an antenna device for short
distance communication or proximity communication.
The antenna unit 2010, for example, sends/receives a
signal with a frequency of 13.56 MHz.

A magnetic body 2110 is a cuboid-shaped
sintered ferrite, and for example, may have a short
direction length (Xjaxis direction) A of 11 mm, a
longitudinal direétion length (Y~axis direction) B
of 14 mm, and a thickness (Z-axis direction) C of
0.2 mm.

A size of the magnetic body 2110, as above,
is an example. The magnetic body 2110 may havé the
short direction length (X-axis direction) A of 6 mm,
the longitudinai direction length (Y-axis direction)
B of 24 mm and the thickness (Z-axis direction) C of
0.2 mm.

The magnetic body 2110 is only regquired to
be plate-like, and the shape of the magnetic body
2110 may be determined according to the size or the

shape of a space where the antenna unit 2010 is
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implemented. The magnetic body 2110 is not limited
to a sintered férrite, but may use any ferromagnetic
body, such as iron, nickel, cobalt, or an alloy of
these metals. Moreover, the magnetic body 2110 may
be a flexible sheet-like member having flexibility.

A coil 2120 is an example of a coiled
antenna (ccolil antenna) which is wound in the short
direction of the magnetic body 2110 (X-axis
direction) around the magnetic body 2110 at a
central region in the longitudinal direction of the
magnetic body 2110 (Y-axis direction). Accordingly,
a distance D between the center of the region where
the coil 2120 is wound around the magnetic body 2110
in the Y-axis direction and the end portion of the
magnetic body 2110 on the side of the negative
direction of the Y~axis is 7 mm where the length B
is 14 mm. When the length B is 24 mm, the length D
is 12 mm.

Both ends 2121 and 2122 of the coil 2120
are connected to a communication unit of a device
which performs communication using the antenna unit
2010.

As a coil 2120, for example, a copper line
may be used. A diameter of the coil 2120 (wire

diameter) may, for example, be 50 um. A number of
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turns of the coil 2120 may bé, for example, about
twenty. Wires in the coil 2120 wound.around the
magnetic body 2110 are wound so as to be closely in
contact with each other.

The winding of the coil 2120, as above,
will be denoted as “close coiling” in the following.
Moreover, on a surface of the conductor wire used
for the coil 2120 an enamel coating is applied. The
diameter of the coil 2120 is 69 pum including the
enamel coating.

Meanwhile, the diameter or the number of
turns is an example, and they may be arbiﬁrarily
determined according to a purpose of the antenna
unit 2010 or the 1like.

Moreover, in the present embodiment, the
coil 2120 is wound around the magnetic body 2110 in
the short direction of the magnetic body 2110. The
coil 2120 wound around the magnetic body 2110 in the
short direction of the magnetic body 2110, as shown
in Fig. 39, is considered to have a better
characteristic than the coil 2120 wound around the
magnetic body 2110 in the longitudinal direction of
the magnetic body 2110.

This is because demagnetizing fields are

generated at both eﬁd portions of the magnetic body
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2110 (at the énd portion on the side of the negative
direction of the Y-axis, and at the end portion on
the side of the positive direction of the Y-axis) by
the coil 2120 wound in the short direction of the
magnetic body 2110 in a looped shape. The influence
of the demagnetizing field becomes smaller as the
distance between the part where the coil 2120 is
wound and the end portions of the magnetic body 2110.

Moreover, the coil wound around the |
magnetic body 2110 in the longitudinal direction- of
the magnetic body has a larger cross section than
that of the coil wound in the short direction of the
magnetic body and tﬁe magnetic resistance becomes
smaller.

When the magnetic resistance increases, a
magnetic field in a different direction from the Y-
axis may occur, which will be explained later. On
the other hand, when the magnetic resistance
decreases, only the magnetic field in the Y-axis
direction is used, and a range of use is restricted
depending on the requirement or specification of the
antenna.

For these reasons, the coil is preferably
wound around the magnetic body 2110 in the short

direction of the magnetic body 2110. Moreover, the
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magnetic body 2110 preferably has a rectangular
shape from a planar view. Moreover, the coil 2120
is wound preferably at a central region of the
magnetic body 2110, not at the end portion of the
magnetic body.

The metal plate 2130 is a plate-like
member, which is larger than the magnetic body 2110
erm a planar view, and a copper plate may be used,
for example. The metal plate 2130 is used for
installing the metal body 2110 around which the coil
2120 is wound. The magnetic body 2110 around which
the coil 2120 is wound is, for example, fixed to a
surface of the metal plate 2130 by an adhesive agent.

In the embodiment, the copper plate is
used for the metal plate 2130, but the metal plate
is not limited to the plate-like member of copper.
Other metals méy be used for the metal plate 2130.

Moreover, in the embodiment, the magnetic
body 2110 around which the coil 2120 is wound is
fixed to the surface of the metal plate 2130 by the
adhesive agent, -but the present invention is not
limited to the embodiment. As long as the
positional relationship between the magnetic body
2110 around which the coil 2120 is wound ahd the

metal plate 2130 is fixed, the magnetic body 2110
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around which the coil 2120 is wound may be fixed to
the metal plate 2130 by a method other than the
fixation by the adhesive agent or the like.

Next; a principle of an antenna device
2100 of the antenna unit 2010, including the metal
body 2110 and the coil 2120, will be explained in
the following.

Fig. 40 is a perspective view illustrating
an antenna device 2100 according to a fifth
embodiment. Fig. 41 is a top—-front-side view
illustrating the antenna device 2100 according to
the fifth embodimentﬁ In Figs. 40 and 41, an XYZ
coordinate system, which is an orthogonal coordinate
system, 1is employed. | |

The antenna device 2100 is a magnetic
coupling type antenna device, and includes a
magnetic body 2110, and a coil 2120.

| The magnetic céupling type antenna device
2100 is different from a resonant type antenna
device, which sends/recéives the electromagnetic.
wave Ey resonating with an electromagnetic wave of a
specific frequency. Whereas, the magnetic coupling
type antenna device 2100 is an antenna device which
magnetically couples to the magnetic flux generated

from the antenna device, which is the other
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communication party, to perform a communication.

Accordingly, a communication distance of
the resonance type antenna device is from a few
meters to more than several kilometers. On the
other hand, a communication distance of the magnetic
coupling type device 2100 is, for example, about one
meter or less.

That is, the magnetic coupling type
antenna device 2100 is an antenna device for a short
distance communication or a proximity communication.
The antenna device 2100, for example, sends/receives
a signal with a frequency of 13.56 MHz.

Next, the antenna device 2100 according to
the present embodiment will be compared with an
antenna deviqevfor comparison 2150 having a planar
antenna. The antenna device for comparison 2150
will be explained with reference to Figs. 42 and 43.

Fig. 42 is a pe;spective view illustrating
the antenna device for comparison 2150. Fig. 43 is
a top-front-side view illustrating the antenna
device for comparison 2150. In Figs. 42 and 43, as
in the Figs. 40 and 41, the XYZ coordinate system,
which is an orthogonal coordinate system, is
employed.

The antenna device for comparison 2150 is
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a magnetic coupling type antenna device, as well as
the antenna device 2100 according to the fifth
embodiment, and includes a magnetic body 2110 and a
planar antenna 2151. The magnetic body 2110 in the
antenna device for comparison 2150 is the same as
the magnetic body in the antenna device 2100
according to the present embodiment.

The planar antenna 2151 is a copper line
which is wound in a rectangular shape along an outer
periphery of a surface on a positive side in the Z-
axis direction of the magnetic body 2110. A number
of turns of the planar antenna 2151 is, for example,
two. Both ends 2151A and 2151B of the planar
antenna 2151 are connected to a communication unit
in an apparatus, which performs communication using
the antenna device 2150.

Next, with reference to Figs. 44A to 45B,
reéults of electromagnetic field simulations will be
expléined for the antenna device 2100 according to
the fifth embodiment and the antenna device for
comparison 2150.

Figs. 44A and 44B are diagrams
illustrating results of simulations for density of
magnetic flux B around the antenna device 2100

according to the fifth embodiment and the antenna
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device for comparison 2150, respectively. Fig. 44A
shows the density of magnetic flux B of the antenna
device 2100, and Fig. 44B shows the density of
magnetic flux B of the antenna device 2150.

In Figs. 44A and 44B, directions of arrows
indicate directions of the density of magnetic flux
B (directions of wvectors).

Moreover, in the electromagnetiq field
simulations, models for the antenna device 2100 and
aﬁtenna device 2150, which are shown in lower parts
of Figs. 44A and 44B, respectively. In the antenna
device 2100, the origin of the XYZ coordinate system
is on the surface on the positive side in the Z-axis
direction of the magnetic body 2110 (Z=0), at a
center of the magnetic body 2110 in the short
direction (¥X=0), and at the midpoint of the end
portion of the magnetic body 2110 on the positive
side in the Y-axis direction and an end portion of
the coil 2120 on the positive side in the Y-axis
direction.

Moreover, in the antenna device 2150, on
half of the positive side in the Y-axis direction,
of the surface on the positive side in the Z-axis
direction, the planar antenna 2151 having a

rectangular shapé is disposed, and the origin of the
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XYZ coordinate system is set at the center of the
loop of the planar antenna'ZlSl.v Positions of the
origins are the same in Fig. 44A and 44B.

Comparing Fig. 44A and 44B, it is found
that the density of magnetic flux B by the antenna
device for comparison 2150 is concentrated around
the Z-axis in the Z-axis direction, and that the
density of maénetic flux B by the antenna device
accordiﬁg fo the fifth embodiment is widely
distributed in the total YZ-plane.

Moreover, strengths of the magnetic field
H at a point separated in the Z-axis direction from
the origin are found to be almost equivalent between
the antenna device 2100 according to the fifth
embodiment and the antenna device for comparison
2150.

A density of magnetic flux B around the
antenna device for comparison 2150 is distributed so

as to arise from the planar coil 2151 in the

‘positive direction of the Z-axis, turn to the

positive and negative directions of the Y-axis, and
rétUrn to the planar coil 2151 from the side of the
negative direction of.the Z-axis.

A density of magnetic flux B around the

antenna device 2100 according to the fifth
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embodiment is distributed so as to arise from the
coil 2120 in the positive direction of the Y-axis,
turn to the positive and negative directions of the
Z-axis, and feturn to the boil 2120 from the side of
the negative direction of the Y-axis.

Moreover, at a position separated from the
origin in the Y-axis direction, it is found that the
magnetic flux B loop is larger in the direction of
the Z-axis and the intensity of the magnétic field H
is larger for the antenna device 2100 according to
the fifth embodiment compared with the antenna
device for comparison 2150. |

Figs. 45A and 45B show results of
simulations for the magnetic field H around the
antenna device ZiOO according to the fifth
empodiment and the antenna device for comparison
2150, respectively. Fig. 45A shows the magnetic
field H of the antenna device 2100, and Fig. 45B
shows the magnetic field H of the antenna device
2150.

In the simulations for the magnetic field
H, as shown in Figs. 45A and 45B, the same mocdels
for the antenna devices 2100 and 2150 as in Figs.
447 and 44B are employed, and the positions of the

origins in the XYZ coordinate system are the same as
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in Figs. 44A and 44B, respectively.

In Figs. 45A and 45B, the magnetic field
in a dark region is higher than that in a lighter
region.

As shown in Figsr 45A and 45B, compared
with the magnetic field H formed by the antenna
device for comparison 2150 (Fig. 45B), the magnetic
field H formed by the antenna device 2100 according
to the fifth embodiment (Fig. 45A) is found to show
overall higher values. Moreover, also at positions
separated from the origin in the Z-axis direction
and in the Y-axis direction, higher values of the
magnetic field are obtained for the antenna device
2100 according to the fifth embodiment.

As described above, from the resuits of
the electromagnetic field simulation, shown in Figs.
447 to 45B, the distribution of the density of
magnetic flux B is fouhd to be quite different
between the antenna device 2100 according to the
fifth embodiment and the antenna device for
comparison 2150.

Moreover, the magnetic field H of the
antenna device 2100 according to the fifth
embodiment is higher in a Wider area than that of

the antenna device for comparison 2150, and also at
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positions separated from the origin in the Z-axis
direction and in'the Y-axis direction, higher values
are obtained.

When an electric current is applied to the
planar antenna in the antenna device for comparison
2150, a magnetic field H in the Z-axis direction
arises according to Ampere’s right-handed screw rule.

Since the directions of the magnetic field
H and of the magnetic flux B are the same, the |
magnetic flux B from the planar coil 2151 of the
antenna device for comparison 2150 is radiated from
the magnetic body 2110 in the Z-axis direction, and
as shown in Fig. 44B, forms a distribution having a
shape of a figure eight rotated by 90 degrees with a
center at the origin. |

On the other hand, in the antenna device
2100 according to the fifth éﬁbodiment, the magnetic
field H formed by the coil 2120, which is wound
around the magnetic body 2110 in a form of a loop,
has a direction of the Y-axis according to thé
Ampere’s right-handed screw rule.

For this reason, in the case of the
antenna device 2100 according to the fifth
embodiment, the magnetic flux by the coil 21290

propagates in the Y-axis direction inside the
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magnetic body 2110.

In this way, the magnetic flux by the coil
2120 has the diréction of the Y-axis, but on the-
whole, as shown in Fig; 447, the magnetic flux by
the antenna device 2100 according to the fifth
embodiment is found to be distributed iﬁ the Z-axis
direction. Moreover, the magnetic field H generated
by fhe coil 2120 is found to spread also in the Z-
axis direction, as shown in Fig. 45A.

Since a magnetic resistance inside the
magnetic body 2110 is higher than that outside the
magnetic body (in the air), a magnetic flux having
the Y-axis direction generated by the antenna device
2100 propagates in a space where the magnetic
resistance is lower, i.e. outside the‘magnetic body
2110.

For this reason, in the antenna device
2100 according to the fifth embodiment, tﬁe magnetic

flux having the Y-axis direction generated inside

" the magnetic body 2110 by the coil 2120 spreads

outside the magnetic body 2110, and is considered to

spread also to the Z-axis directién (see Fig. 44A4).
Moreover, the magnetic body 2110 has a

length in the Z-axis direction which is quite small

compared with the lengths in the Z-axis direction
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and the Y-axis direction. That is, the magnetic
body 2110 is like a thin plate—like member. This
means that a cross section of the magnetic body 2110
parallel to the XZ-plane 1s small and thin in the Z—
axis direction.

In general, the magnetic resistance of the
magnetic body becomes higher, as the cross section
becomes smaller. For.this reason, the magnetic
resistance of the magnetic body 2110 according to
the fifth embodiment is guite high.

Accordingly, when an électric current is
applied to the coil 2120 of‘the antenna device 2100
according to the fifth embodiment, the magnetic flux
B generated inside the magnetic body 2110 in the Y-
axis direction enters a state easily radiated in the
Z-axis direction.

For this reason, in the antenna device
2100, making the thickness of the magnetic body 2110
thin is effective for obtaining a long communication
distance in the Z-axis direction (direction of the
thickness of the magnetic body 2110).

Néxt, with reference to Figs. 46A to 47B,
the principle of the antenna unit 2010 according to
the fifth embodiment will be explained through

explanations of a result of simulations for a
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coupling coefficient of the antenna unit 2010

.according to the fifth embodiment. Meanwhile, the

principle will.be explained cémparing with the
antenna unit for comparison 2050.

Figs. 46A and 46B are diagrams
illustrating models for the simulations for the
antenna unit 2010 according to the fifth embodiment
and the antenna unit for comparison 2050. Fig. 46A
shows the model for simulations for the antenna unit
2010 according to the fifth embodiment, and Fig. 46B
shows the model for simulations for the antenna unit
for comparison 2050.

The antenna unit for comparison 2050
includes the metal plate 2130 added to the antenna
device 2150 as shown‘in Figs. 42 and 43.

In Fig. 46A, the XYZ coordinate system is
employed as in Figs. 38 and 39. The origin of the
XYZ coordinate system in Fig. 46A is positioned at
the center of the magnetic body 2110, the coil 2120,
and the metal plate 2130 of the antenna unit 2010 in
planar view on tﬂe XY-plane on the surface of the
magnetic body 2110 on the side of the positive
direction in the Z—axis.

Moreover, as shown in Fig. 46A, a loop

antenna 2160 is arranged so that a part of the loop
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antenna 2160 extends in the direction of the X-axis
at the position where Z is 50 mm above the antenna
unit 2010.

In Fig. 46B, the origin of the XYZ
coordinate system is positioned in the same way as
in Fig. 46A. That is, the origin of the XYZ
coordinate system in Fig. 46B is positioned at the
center of the magnetic body 2110, the coil 2120, andad
the metal plate 2130 of the antenna unit 2050 in
planar view on the XY-plane on the surface of the
magnetic body on the side of the positive direction
in the Z-axis. |

Moreover, in Fig. 46B, the loop antenna
2160 is arranged so that the center of the loop is
positioned on the Z-axis at the position where Z 1is
50 mm above the antenna unit 2050.

The arrangements of the loop coil 2160 of
the antenna unit 2010 according to the fifth
embodiment and of the antenna unit for comparison
2050 are different from each other, as stated above,
since optimum positions are selected at other ends
of communications, respectively. |

Figs. 47A and 47B are diagrams
illustrating side surfaces of the model shown in

Figs. 46A and 46B parallel to the XZ-plane viewed
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from a side in the positive direction of the Y-axis.
Fig. 47A shows the model for the antenna unit 2010
according to the fifth embodiment shown in Fig. 464,
and Fig. 47B shows the model for the antenna unit
for comparison 2050 for simulation.

Meanwhile, in Figs. 47A and 47B,‘the
positional relationship in the direction of the Z-
axis 1is not a precise positional relationship, in
order to illustrate schematically giving priority to
viewablity.

The coil 2120 is actually wound in spirals
(See Figs. 38 and 39), but in Fig. 47A, the coil
2120 1is shown as a loop in order to show a loop of
the electric current applied to the coil 2120 in Fig.
47A.

Moreover, since the planar antenna 2151
includes a loop in the XY-plane, the planar antenna
2151 becomes an antenna having a linear shape in the
direction of X-axis in the side surfaces parallel to
the XZ-plane, as shown in Fig. 47B.

Moreover, in Fig. 47A, in order to explain
the influence from aﬁ eddy current (mirror current),
a coil 2120M and a loop coil 2160M to which the
mirror current of the electric current applied to

the coil 2120 and the loop antenna 2160 positioned
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above the metal plate 2130 is applied are shown
below the metal plate 2130 in dashed lines.

In the same way, in Fig. 47B, a planar
coil 2151M and a loop coil 2160M to which a mirror
current is applied are shown.

In Fig. 47A, when the electric current is
applied to the coil 2120 in the counter clockwise
direction, in the part of the coil 2120 nearest to
the metal plate 2130 the electric current flows in
the negative direction of the X-axis. Moreover,
since a mirror current generated in the coil 2120M
flows in the opposite direction to the above
electric current, in the part of the coil 2120M
nearest to the metal plate 2130 the mirror current
flows in the positive direction of the X-axis.

Accordingly, when the electric current is
applied to the coil 2120 in the counter clockwise
direction, the mirror current‘which also flows in
the counter clockwise direction is generated in the
coil 2120M.

In Fig. 47A, the elecﬁric cﬁrrent which
flows in the coil 2120 in the positive direction of
the Z-axis and the mirror current which flows in the
coil 2120M in the positive direction of the Z-axis

flow at the position where the X-coordinate and Z-
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coordinate are the same, and the magnetic fields H
and the magnetic fluxes B generated by these current
reinforce each other. |

As-stated above, in the antenna unit 2010
according to the fifth embodiment, the magnetic
fields H and the densities of magnetic flux B
generated by the electric current which flows in the
coil 2120 and the mirror current which flows in the
coil 2120M reinforce each other.

In other words, since the coil 2120 is
wound in spirals in a direction parallel to the
metal plate 2130, the magnetic field H generated by
the coil 2120 by applying'an electric current to the
coil 2120 in the counter clockwise direction is
parallel toc the metal plate 2130 and has a direction
in the positive direction of the Y-axis.

Moreover, since the mirror current

generated in the coil 2120M flows in the counter

- clockwise direction, the magnetic field generated by

the coil 2120M is parallel to the metal plate 2130
and has a direction in the positive direction of the
Y-axis, which is the same direction as the magnetic
field H generated by the coil 2120.

For this reason, in the antenna unit 2010

according to the fifth embodiment,



WO 2014/142345 PCT/JP2014/057630

10

15

20

25

-110-

the magnetic fields H and the densities of magnetic
flux B generated by the electric current which flows
in the coil 2120 and the mirror current which flows
in the coil 2120M reinforce each other.

As a result, the magnetic field H and the
density of magnetic flux B in the direction of Z-
axis are strengthened by using the metal plate 2130
than in the case where only the coil is used without
the metal plate 2130.

On the other hand, as shown in Fig. 47B,
when the electric current is'applied to the planar
coil 21Si in the positive direction of the X-axis,
in the planar coil 2151M, & mirror current flows in
the negative direction of the X-axis. |

for this reason, magnetic fields H
generated by the electric current which flows in the
planar coil 2151 in the positive direction of the X-
axis and by the mirror current which flows in the
planar coil 2151M in the negative direction of the
X-axis cancel each‘other.' The cancellation occurs
at any'portion on the planar coil 2151 in the XY—
plane.

Accordipgly, in the antenna unit for
comparison 2050, the magnetic fields H generated by

the electric current which flows in the planar coil
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2151 in the positive direction of the X-axis and by
the mirror current which flows in the planar coil
2151M in the negative direction of the X-axis cancen
each other, and the magnetic field H in the Z-axis

5 direction decreases.

In other words, a magnetic field generated
by the planar coil 2151 has a direction orthogonal
to the metal plate 2130. The direction of the
magnetic field by the planar coil 2151 is opposite

10 to the direction of the magnetic field generated by
the mirror current which flows the planar coil 2151M,
and the magnetic fields cancel each other.

A value of the coupling coefficient k
calculated by the simulations using such models is

15 found to be 0.0092568 for the antenna unit 2010
according to the fifth embodiment and 0.0034487 for
the antenna unit for comparison 2050.

As stated above, in the antenna unit 2010

according to the fifth embodiment which includes the

20 metal plate 2130, by the mirror current which flows
in the coil 2120 the magnetic field H and the
density of magnetic fluxes are strengthened, and the
chmunication distance becomes longer.

Moreover, the antenna unit 2010 ié

25 empbedded into a terminal apparatus which performs
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short distance communication by the magnetic
coupling and connected to the communication circuit
inside the terminal apparatus. The antenna unit
2010 may be mounted on a PCB (Printed Circuit Board)
5 inside the terminal apparatus. Since a variety of
signals flow in wirings on the PCB, a noise may
occur.
Even in such a case, since the antenna
unit 2010 includes the metal plate 2130, if the
10 antenha uni£ 2010 is mounted on the PCB while
maintaining the metal plate 2130 disposed below the
coil 2120, the noise generated from the PCB is
shielded by the metal plate 2130, and the noise is
suppressed to enter the electric durrent in the coil
15 2120.
As described above, according to the fifth_'
embodiment, the antenna unit 2010, which provides a
long communication distance in the thickness
direction of the magnetic body 2110 having a thin
20 vplate shape wherein the communication distance is
not shortened even if the antenna unit 2010 is
embedded into a terminal apparatus which performs
short distance communication by magnetic coupling,
is provided.

25 That is, according to the fifth embodiment,
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the antenna unit 2010, wherein the communication
distance in the fhickness direction of the magnetic
body 2110 is long, is provided.

In the antenna device 2100, at the central
part in the longitudinal direction of the magnetic
body 2110 formed in a cuboid having a thin plate
shape, by winding the coil 2120 in the short
direction of the magnetic body 2110, and arranging
the coil on the metal plate 2130, the communication
distance in the thickness direction of the magnetic
body becomes longer.

As explained above with reference to'Figs.
447 to 45B, the antenna device 2100 included in the
antenna unit 2010 according to the fifth embodiment
includes the magnetic body 2110 and the coil 2120,
having the above configurations, and most of the
magnetic flux generated at the coil 2120 is directed
in the positive direction of the Y-axis inside the
magnetic body 2110.

Then, the magnetic flux radiated from the
coil 2120 in the positive direction of the Y-axis,
is directéd in the positive direction of the Z-axis,
draws a loop, and returns to the coil 2120 from the
side of thé negative direction of the Y-axis.

Since the antenna device 2100 generates
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the magnetic flux having the distribution as above,
in the antenna unit 2010 obtained by appending the
metal piate 2130 to the antenna device 2100, the
magnetic flux generated by the mirror current also

5 has a direction directed in the positive direction
of the Y-axis from the coil 2120M, is directed in
the positi&e direction of the Z-axis, draws a loop,
and returns to the coil 2120 from the side of the
negative direction of the Y-axis.

10 Accordingly, in the antenna unit 2010
according to the fifth embodiment, the magnetic
fields H and the densities of magnetic flux B
generated by the electric current which flows in the
coil 2120 and by the mirror current which flows in

15 the coil 2120M enhance each other, and the
communication distance in the Z-axis direction
becomes longer.

Moreover, in the antenna unit 2010, the
communication distance in the longitudinal direction

20 (Y-axis direcfion) is longer than those for the
antenna unit 2050, since not only the communication
distance in the Z-axis direction is longer than that
of the antenna unit 2050 bgt also the density of
magnetic flux B and the magnetic field H in the

25 longitudinal direction of the magnetic body 2110 are
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higher than those in the antenna unit 2030.

Moreover, although the communication
distances in the X-axis direction for the antenna
units 2010 and 2050 are ndt compared, since the
density of magnetic flux B and the magnetic field H
in the Y-axis direction and in the Z-axis direction
are high for the antenna unit 2010, fhe density of
magnetic flux B and the magnetic field H in the X-
axis direction of Ehe magﬁetic body 2110 are also
considered to be high compéred with the antenna unit
2050.

As described above; according to the fifth
embodiment, in a short distance communication of the
magnetic coupling type, the antenna unit 2010 which
provides a ionger communication distance than that
by the antenna unit for comparison 2050, in which
the planar coil 2151 is used, can be}provided.

By incorporating the antenna unit 2010 as

above into, for example, a terminal apparatus which

performs a short distance communication by magnetic
coupling, the communication distance to the other
end of the communication becomes.longer, and a
certain communication can be performed.

Moreover, when the antenna unit 2010 is

installed on thevPCB substrate, the form and empty
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space can be utilized effectively. For example, in
the case of incorporating into an SIM card,.by'
arranging at the corner portion of the PCB substrate,
a degree of freedom occurs in a layout of other
circuit elements or the like.

Furthermore, the connecting portion has an
effect of preventing a decline in the magnetic
permeability of the magnetic body. For example,
compared with the case where two plate-like magnetic
bodies are arranged via an air or a material other
than the magnetic body, the communication distance

can be made longer. Moreover, by changing the shape

of the connecting portion, an adjustment to

strengthen a magnetié field in a direction slightly
deViated from the x- or y-axis directions is
possible.

As described above, usability of the
terminal apparatus including the antenna unit 2010
can be improved and reliability can be enhanced.

<Sixth embodiment>

An antenna device 2200 according to the
sixth embodiment is a variation of the antenna
device 2100 according to the fifth embodiment. The
antenna device 2200 according to the sixth

embodiment 1s included in the antenna unit 2010 (See
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Fig. 38), as the antenna device 2160 according to
the fifth embodiment. That is, the antenna device
according to the sixth embodiment is obtained by
appending the metal plate 2130 to the antenna device
2200 according to the sixth embodiment.

In the following, a configuration of the
antenna de&ice 2200 according to the sixth
embodiment will be explained.

Fig. 48 is a perspective view showing an
antenna device 2200 according to a sixth embodiment.
Fig. 49 is a top-front-side view showing the antenna
device 2200 according to the sixth embodiment. 1In
Figs. 48 and 49, an XYZ coordinéte system, which is
an orthogonal coordinate system, is employed.

The antenna device 2200 according to the
sixth embodiment is different from the antenna
device 2100 according to the fifth embodiment in

that a number of turns of the coil 2220 is less than

.that of the ccil 2120 in the fifth embodiment.

Accordingly, wires in the coil 2220 wound around the
magnetic body 2110 are wound so as not to be in
contact with each other.

The antenna device 2200 is a magnetic

coupling type antenna device, and includes a

- magnetic body 2110 and a coil 2220. The magnetic
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body 2110 is the same as the mégnetic body 2110 in
the antenna device accofding to the fifth embodiment.
The coil 2220 is a coil, a number of turns of which
is less than the coil 2120 according to the fifth
embodiment. According to this feature; wires in the
coil 2220 wound around the magnetic body 2110 are
wound so as not to be in contact with each other.

The other configurations are the same as

‘the antenna device 2100 according to the fifth

embodiment, and duplicate gxplanations will be
omitted.

The coil 2220 is wound in the short
direction (X-axis direction) of the magne£ic body
2110 in the central part in the longitudinal
direction (Y-axis direction) of the magnetic body
2110. Accordingly, a distance D between the center
of the region where the coil‘2220 is wound around
the magnetic body 2110 in the Y-axis direction and
the end portion of the magnetic body 2110 on the
side of the negative direction of the Y-axis is 7 mm
where the length B is 14 mm. When the length B is
24 mm,‘the length D is 12 mm.

Both ends 2221 and 2222 of the coil 2220
are connected to a communication unit of an

apparatus which performs a communication using the
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antenna device 2200.

As a coil 2220, for example, a copper line
may be used. A diameter of the coil 2220 (wire |
diameter) may, for example, be 50 um. A number of
turns of the coil 2220 may be, for example, about
eight. Wires‘in the coil 2220 wound around the
magnetic body 2110 are wound so as not to be in
contact with each other. The winding of the coil
2220, as above, will be denoted és “coarse coiling”
in the following.

Next, with reference to Figs. 50A to 51B,
results of electromagnetic field simulations will be
explained for the antenna device 2200 (coarse
coiliﬁg) according to the sixth embodiment and for
the antenna device 2100 (close coiliné) according to
the fifth embodiment.

Figs. SOA and 50B are diagrams
illustrating results of simulations for density of
magnetic flux B and the magﬁeﬁic field H around the
antenna device 2100 according to the fifth
embodiment, respectively. Fig. 50A shows the
density of magnetic flux B of the antenna device

2100, and Fig. 50B shows the magnetic field H of the

“antenna device 2100.

Figs. 51A and 51B are diagrams
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illustrating results of simulations for density of
magnetic flux B and the magnetic field H around the
antenna device 2200 according to the sixth
embodiment, respectively. Fig. 51A shows the
density of magnetic f£lux B of the antenﬂa device
2200, and Fig. 51B shows the magnetic field of the
antenna device 2200.

In Figs. 50A and 51A, directions of arrows
indicate directions of the density of magnetic flux
B (directions of vectors). Moreover, in Figsf 50B
and 51B, the magnetic field in a dark region is
higher than that in a bright'region.

Moreover, the origin of the XYZ coordinate
system in the antenna devices 2100 and 2200 is on
the surface on the positive side in the Z-axis
direction of the magnetic body 2110 (Z=0), at a
center of the magnetic body 2110 in the short
direction (X=0), and at a center of the magnetic
body 2110 in the positive direction of the Y-axis.

Moreover, values of the density of
magnetic flux B and the magnetic field H are
obtained under a condition that a loop antenna 2160
is arrdnged above the antenna device 2100 or 2200 at
a position where Z is 50 mm.

Comparing Fig. 50A with Fig. 51A, it is
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found tﬂat since curvatures of the density of
magnetic flux B in the vicinity of fhe origin for
the antenna device 2200 according to the sixth
embodiment are smaller than those for the antenna
device 2100 according to the fifth embodiment, the
éhanges in directions of the density of magnetic
flux B around the antenna device 2200 according to
the sixth embodimént are more gradual than those
around the antenna device 2100 according to fhe
fifth embodiment.

The density of magnetic flux B at a
position separated from the origin in the Y-axis
direction for the antenna device 2100 according to
the fifth embodiment is almost the same as the
density of magnetic flux B at thé same position for
the antenna device 2200 according to tﬁe sixth
embodiment.

Moreover, for the magnetic field H, as can
be seen by comparing Fig. 50B with Fig. 51B,
curvatures of the isomagnetics of the magnetié field
H in the vicinity of the origin for the antenna
device 2200 according to the sixth embodiment ére
smaller than those for thé antenné device 2100
according to the fifth embodiment, and the

distribution of the magnetic field H around the
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antenna device 2200 according to the sixth
embodiment is more gradual than that around the
antenna device 2100 according to the fifth
embodiment. Accordingly, the distribution of the
magnetic flux can be made wider.

The magnetic field at a position separated
from the origin in the Y-axis direction for the
antenna device 2100 according to the fifth
empbodiment i1s almost the same as the magnetic field
at the same position for the antenna device 2200
according to the sixth embodiment .

As described above, it is found that the

distribution of the density of magnetic flux B and

the magnetic field H around the antenna device 2200
according to the sixth embodiment (coarse coiling)
is more gradual than those around the antenna device
2100 accoxding to the. fifth embodiment (close
coiling). According to this property, the antenna
device 2200 according to the sixth embodiment
generates the magnetic field H more effectively, and
wider distribution of the density of magnetic flux B
can be obtained.

The.above results are obtained by
comparing the antenna device 2100 (close coiling)

prepared under the condition setting of the fifth
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embodiment and the antenna device 2200 (coarse
coiling) prepared under the condition setting of the
sixth embodiment.

The number of turns of the coil 2120 or
2220, therefore, may be optimized depending on the
intended use of the antenna device 2100 or 2200, or
the like.

A communication distance is obtained for
antenna devices 2100, 2200 and 2200A, as shown in
Fig. 52, in order to investigate an influence of tﬁe
wéy of winding in the coil 2100 or 2200 on the
communication distance.

Fig. 52 is a perspective view illustrating
the antenna device 2100 according to the fifth |
embodiment, and the antenné devices 2200 and 2200A
according to the sixth embodiment.

The antenna device 2100, shown in Fig. 52,
is the same as the antenna device 2100 according to
the fifth embodiment, shown in Fig. 40. The antenna
device 2200, shown in Fig. 52 is'the same as the
antenna device 2200 according to the sixth
embodiment, shown in Fig. 48.

In the antenna device 2200A, as shown in
Fig. 52, the coil 2220 is wound, so as to maintain

the number of turns for the coil 2220 in the antenna
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device 2200, shown in Fig. 48, i.e. twenty turns,
and to wind wires inva wider area in the Y-axis
direction around the magnetic body 2110 in order to
make the space between the wires in the coil 2220
wound around the magnetic body 2110 wider. The way
éf winding for the coil 2220 in the antenna device
2200A will be denoted as “very coarse coiling” in
the following. |

In the antenna device 2100, a line to
space ratio (L/S ratio) for the coil 2120 is 50/19
pum. That is, in the coil 2120, a wire with a
diameter of 69 um, including a conductive wire with
a diameter of 50 pum and enamel coating on it, is
wound in the close coiling.

Moreover, in the antenna device 2200, the
line to space ratio (L/S ratio) for the coil 2220 is
50/300 pm. That is, in the coil 2220, a wire
including a conductive wiré with a diameter of 50 um
is wound in the coarse coiling with a space of 300
um between wires.

Moreover, in the antenna device 2200A, the
line to space ratio (L/S ratio) for the coil 2220A
is 50/600 pm. That is, in the coil 2200A, a wire
including a conductive wire with a diameter of 50 pm

is wound in the coarse coiling with a space of 600
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pm between wires. -

The communication distances in the Z-axis
direction for the antenna devices 2100; 2200 and
2200A are 27.5 mm, 30.0 mm and 31.0 mm, respectively,
according to actual measurements.

From the results of the measurements as
above, it is found that the communication distance
can be adjusted by making the way of winding for the
coil 2120 or 2220 either close or coarse.

In thé antenna device according to the
sixth embodiment, the antenna device 2200 or-ZZOOA,
as described above, is arranged on the metal plate
2130. ‘This‘configuration is the same as that of the
antenna unit 2010 accdrding to the fifth embodiment
(See Figs. 38 and 39).

As described above, according to .the sixth’
embodiment, the antenna device having a long
communication distance in the thickness direction of
the magnetic body 2110 can be provided as in the
fifth embodiment.

Next, connection coefficients in the
antenna device 2200 (coarse coiling) and in the
antenna device 2200A (very coarse coiling) will be
described.

Fig. 53 is a diagram illustrating coupling
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coefficients of the antenna device 2100 (close
coiling), the antenna device 2200 (coarse coiling)
and the antenna device 2200A (very coarse coiliﬁg).

As shown in Fig. 53, the.coupling

5 coefficient k of the antenna device 2200A (very
coarse coiling) is the largest, and the coupling'
coefficient k of the anténna device 2100 (close
coiling) is the smallest.

From the above results, by winding the

10 coil 2220 in the coarse coiling or in the very
coarse coiling as in the antenna device 2220 or
2220A, rather than winding the coil 2120 in the
close coiling as in the antenna.device 2100, a large
coupling coefficient and a long communication

15 distance can be obtained.

As described above, the way of winding for
the coil 2120 or 2220 may be set depending on the
intended use of.the antenﬁa device 2100 oxr 2200, or
the like. If the magnetic body 2110 is large -enough

20 in the  Y-axis direction, the way of winding is
preferably the coarse coiling or the very coarse
coiling.

Moreover, in the case of winding the coil
2220 in the coarse coiling, the way of winding may

25 be changed, as shown in Figs. 54 to 56.
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Figs. 54 to 56 are diagrams illustrating
antenna devices 2200B, 2200C and 2200D aécording to
a variation of the sixth embodiment.

In the antenna device ZZOQB shown in Fig.
54, a coil 2220B is wound in parallel to the X-axis
on a surface of the magnetic body 2110 on the side.
of the positive direction of the Z-axis of the
magnetic body 2110. On a surface on the side of the
negative direction of the Z-axis of the magnetic
body 2110, the coil 2220B is wound at an angle with
the X-axis.

For example, in the antenna device 2200B,
a distance between the ends 2221B and 222B of the
coil 2220B is 50 mm. The coil 2220B is wound
wherein the space. between the wires is from 0.4 mm
to 0.5 mm and the number of turns is twenty (twenty
turns) .

In the antenna.device 2200C shown in Fig.
55, a coil 2220C is wound at an angle with the X-
axis on the surface on the side of the positive
direction of the Z-axis of the magnetic body 2110
and on the surface on the side of the negative
direction of the Z-axis of the magnetic body 2110.
The angle between the coil 2220C and the X-axis on

the side of the positive direction of the Z-axis is
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the same as the angle between the coil 2220C and the
X~-axis on the side of the negative direction of_thé
Z-axis.

Accordingly, the coil 2220C on the surface
on the side of the positive direction of the Z-axis
and the coil 2220C on thevsurface on the side of the
négative direction of the Z-axis are arranged in
parallel, respectively.

For example, in the antenna device 2200C,
a distance between the ends 2221C and 2222C of the
coil 2220C is 50 mm. The coil 2220C is wound
wherein the space between the wires is 1.5 mm and
the number of turns is twenty (twenty turns).

In thg antenna device 2200D shown in Fig.
56, a coil 2220D 1s wound around a magnetic body
2110A which is more elongated than the magnetic body
2110 showﬁ in Fig. 55, i.e. the size in the X-axis
direction is smaller, by the same way of winding as
the coil 2220C in Fig. 55.

The coil 2220D is wound at an angle with
the X-axis on the surface on the side of the
positive direction of the Z-axis of the magnetic
body 2110A and on the surface on the side of the
negative direction of the Z-axis of the magnetic

body 2110A. The angle between the coil 2220D and
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the X-axis on the side of the positive direction of
the Z-axis of the magnetic body 2110A is the same as
the angle between the coil 2220D and the X-axis on

the side of the negative direction of the Z-axis of

-the magnetic body 2110A.

Accordingly, the coil 2220D on the surféce
on the side of the positive‘direction of the Z-axis
and the coil 2220D on the surface on the side of the
negative direction of the Z-axis are arranged in
parallel, respectively.

For example, in the antenna device 2200D,
a distance between the ends 2221D and 2222D of the
coil 2220D is 50 mm. The coil 2220D is wound
wherein the space between the wires is 0.7 mm to 1.1
mm and the number of turns is twenty (twenty turns).

The antenna device according to the

exenmplary embodiments of the present invention is

described as above. The present invention is not
limited to the specifically disclosed embodiments,
but various variations and modifications may be made
without departing from the’scope of the present
invention.

The present application is based on and
claims the benefit of priorities of Japanese

Priority Applications No. 2013-053237 filed on March
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15, 2013, Japanese Priority Application No. 2013~

070150 filed on March 28, 2013 and Japanese Priority

| Application No. 2013-070151 filed on March 28, 2013

with the Japanese Patent Office, the entire contents

of which are hereby incorporated by reference.

Description of the Reference Numerals

100, 200, 200A, 200B, 200C, 200D, 1100, 1200, 1200A,

1200B, 1200C, 1200D, 2100, 2200, 2200A, 2200B, 2200C,

2200D antenna device

110, 11i0aA, 1011, 1011C, 1110, 1110A, 2110, 2110A
magnetic body

120, 220, 220B, 220C, 220D, 1012A, 1012B, 1120, 1220,

1220B, 1220C, 1220D, 2120, 2120M, 2220, 22203, 2220¢C,

2220D coil

130, 1130 PCB

131, 1131 copper foil

150, 1150, 2150 antenna device for comparison
151, 1151, 2151 planar antenna
160, 1160, 2160 loop antenna

1010, 1610A, 2010 antenna unit

1011a, 1011B, 1011D, 1011E magnetic body part
1111 bent part |
2050 antenna unit for comparison

2130 metal plate
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2151M planar coil

2160M loop coil
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CLAIMS
5
Claim 1. An antenna device of a magnetic
coupling type, éomprising:
a magnétic body having a plate-like shape;
and
10 a coil, which is wound around the magnetic
body.
15
Claim 2. The antenna device as claimed in
claim 1 wherein the coil is wound around the
magnetic body so that the coil forms a loop in a
short direction of the magnetic body.
20

Claim 3. The antenna device as claimed in

25 claim 1 or 2 wherein the coil is wound in a state
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where the coil has an interval between the adjacent

loops.

Claim 4. The antenna device as claimed in
any oneiof claims 1 to 3 wherein the coil wound
éround'the magnetic body is wound so that an angle
befween the coil and a short direction of the
magnetic body on a side-of the magnetic body
including a longitudinal direction and the short
direction of the magnetic bédy is the same as an
angle between the coil and the short direction of
the magnetic body on another side of the magnetic
body including the léngitudinal direction and the

short direction.

Claim 5. The antenna device as claimed in
any one of claims 1 to 4 further includes
a metal plate, on a side of which the

magnetic bbdy is arranged.
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Claim 6. An antenna device of a magnetic
coupling type comprising:

a magnetic body includihg a first magnetic
body part having a plate-like shape; and‘a second
magnetic body part having a plate-like shape, and is
connected at an angle to the first magnetic body
part;

a first antenna which has a coiled shape
and is wound around the first magnetic body part;
and

a second antenna which has a coiled shape

and is wound around the second magnetic body part,

and generates a magnetic field, a polarity of which

is opposite to a polarity of a magnetic field

.generated by the first antenna.

Claim 7. The antenna device as claimed in

claim 6 wherein the first antenna i1s wound around
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the first magnetic body part so that the first
antenna forms a loop in a short direction of the
first magnetic body part, and the second antenna is
would around the second magnetic body part so that

the second antenna forms a loop in a short direction

~of the second magnetic body part.

Claim 8. The antenna device as claimed in
claim 6 or 7 wherein the first antenna is wound in a
state where the first antenna has an interval
between the adjacent loops, and the second antenna
is wound in a state where the second antenna has an

interval between the adjacent loops.



