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An inductive module with a miniaturized metamaterial
structure includes an insulating substrate, two coil units, and
a magnetic unit. The insulating substrate has opposing first
and second surfaces and a through hole extending between
the first and second surfaces. The coil units are respectively
disposed on the first surface and the second surface of the
insulating substrate, and are electrically connected to each
other through the through hole. Each of the coil units
includes a closed loop coil. The magnetic unit corresponds
in position to a portion of the coil unit, surrounds said
portion of the coil unit, and has an opening.
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1
INDUCTIVE MODULE AND DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority of Taiwanese Invention
Patent Application No. 111106321, filed on Feb. 22, 2022.

FIELD

The disclosure relates to an inductive module, and more
particularly to an inductive module with a miniaturized
metamaterial structure.

BACKGROUND

Metamaterial refers to a conductive material being pro-
cessed to have a special structure that is capable of gener-
ating parasitic capacitance, inductance that converges elec-
tromagnetic waves, and an evanescent waves gain, i.e., to
enhance the amplitude of the evanescent wave, and thus can
be applied to coil wireless transmission and improve effi-
ciency thereof.

In general, the size of the metamaterial used in products
having an operating frequency of 13.56 MHz is usually
relatively large, and therefore is deemed to be unsuitable for
commercialization. Currently, one can increase the number
of coil turns and the length of the coil in order to improve
the inductance value, which in turn reduces the size of the
metamaterial. However, due to internal resistance of the coil,
such method will also increase electromagnetic loss and
adversely affect the transmission efficiency.

SUMMARY

Therefore, an object of the disclosure is to provide an
inductive module capable of alleviating at least one of the
drawbacks of the prior art.

According to an aspect of the disclosure, an inductive
module with a miniaturized metamaterial structure includes
an insulating substrate, two coil units, and at least one
magnetic unit. The insulating substrate has a first surface, a
second surface opposite to the first surface, and a through
hole extending between the first surface and the second
surface. The coil units are respectively disposed on the first
surface and the second surface of the insulating substrate,
and are electrically connected to each other through the
through hole. Each of the coil units includes at least one
closed loop coil. The magnetic unit corresponds in position
to a portion of at least one of the coil units, surrounds the
portion of the at least one of the coil units, and has an
opening.

According to another aspect of the disclosure, an induc-
tive device includes a plurality of inductive modules. Each
of inductive modules includes an insulating substrate, two
coil units, and at least one magnetic unit. For each of the
inductive modules, the insulating substrate has a first sur-
face, a second surface opposite to the first surface, and a
through hole extending between the first surface and the
second surface. For each of the inductive modules, the coil
units are respectively disposed on the first surface and the
second surface of the insulating substrate, and are electri-
cally connected to each other through the through hole. Each
of the coil units includes at least one closed loop coil. For
each of the inductive modules, the magnetic unit corre-
sponds in position to a portion of at least one of the coil
units, surrounds the portion of the at least one of the coil
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2

units, and has an opening. The inductive modules are
arranged in an array and juxtaposed with one another

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the disclosure will
become apparent in the following detailed description of the
embodiment with reference to the accompanying drawings,
of which:

FIG. 1 is a schematic view of an inductive module of the
present disclosure being applied to a wireless charging
medical device worn on a user;

FIG. 2 is a schematic top view of an inductive module
according to an embodiment of the present disclosure;

FIG. 3 is a schematic sectional view of the embodiment
taken along line in FIG. 2;

FIG. 4 is a schematic sectional view of a modification of
the embodiment;

FIG. 5 is a schematic sectional view of another modifi-
cation of the embodiment;

FIG. 6 is a schematic sectional view of yet another
modification of the embodiment;

FIG. 7 is a schematic top view of an inductive device
including a plurality of the inductive modules of the embodi-
ment being arranged in an array;

FIG. 8 is a schematic top view of a modification of the
inductive device including a plurality of the inductive mod-
ules of the embodiment;

FIG. 9 is a schematic top view of another modification of
the inductive device including a plurality of the inductive
modules of the embodiment; and

FIG. 10 is a plot diagram illustrating relationships of
frequency and inductance value for the inductive module of
the disclosure, Comparative example I, and Comparative
example II.

DETAILED DESCRIPTION

Before the disclosure is described in greater detail, it
should be noted that where considered appropriate, refer-
ence numerals or terminal portions of reference numerals
have been repeated among the figures to indicate corre-
sponding or analogous elements, which may optionally have
similar characteristics.

FIGS. 1 to 3 illustrate an embodiment of an inductive
module 2 with a miniaturized metamaterial structure accord-
ing to the present disclosure adapted to be used in a wireless
charging device worn on a user. The inductive module 2 is
capable of generating a relatively large inductance value so
as to increase efficiency of wireless power transmission. In
this embodiment, the wireless charging device is exempli-
fied as a wireless charging implantable medical device 10.

As shown in FIG. 1, the implantable medical device 10
includes a brain pacemaker 11 and a wireless charger 12.
The brain pacemaker 11 is implanted into the body 100 of
the user and is operable to stimulate a target portion of the
brain of the user. The wireless charger 12 includes a main
body 120 that is to be worn on the user, a charging module
121 that is mounted to the main body 120 at a position
adjacent to the brain pacemaker 11 when being worn on the
user and that is configured to wirelessly charge the brain
pacemaker 11, and the inductive module 2 of the embodi-
ment that is mounted to the main body 120 opposite to the
charging module 121 and that is located between the brain
pacemaker 11 and the wireless charger 12 when the wireless
charger 12 is worn on the user.
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As shown in FIGS. 2 and 3, the inductive module 2
includes an insulating substrate 21, two coil units 22, and a
magnetic set 23 which has a plurality of magnetic units 231.
The insulating substrate 21 has a first surface 211, a second
surface 212 opposite to the first surface 211, and a through
hole 210 extending between the first surface 211 and the
second surface 212. In this embodiment, the insulating
substrate 21 is a printed circuit board and is rectangular in
shape but not limited to this example.

The coil units 22 are respectively disposed on the first
surface 211 and the second surface 212 of the insulating
substrate 21, and are electrically connected to each other
through the through hole 210. Each of the coil units 2
includes a plurality of closed loop coils 221. In this embodi-
ment, the coil units 22 are made of copper, and the closed
loop coils 221 are formed concentrically and proximally to
an outer peripheral edge of the insulating substrate 21.
Specifically, for each of the coil units 22, at least three closed
loop coils 221 are formed on the respective one of the first
surface 211 and the second surface 212 and are radially
spaced apart from one another. It should be noted that the
number of the closed loop coils 221 and the configuration
thereof are not limited to this example and can be modified
according to a frequency band as required.

Each of the magnetic units 231 corresponds in position to
a portion of each of the coil units 22, and surrounds the
portion of each of the coil units 22 by extending from one
of the coil units 22 to the other one of the coil units 22. The
magnetic units 231 are arranged in pairs, and each pair of the
magnetic units 231 are located respectively at two positions
that are symmetrical with respect to a center of the close
loop coils 221. Each of the magnetic units 231 has an
opening 230, forms an open loop, and partially loops around
a portion of each of the closed loop coils 221. In this
embodiment, the magnetic units 231 are made of a soft
magnetic material.

Specifically, the magnetic units 231 are angularly spaced
apart from one another around the center of the closed loop
coil 221. The quantity of the magnetic units 231 is of an even
number. In this embodiment, the quantity of the magnetic
units 231 is four, and the magnetic units 231 are disposed on
four side edges of the insulating substrate 21 and are located
at symmetrical positions to cover the coil units 22. The
magnetic units 231 are arranged in pairs, and the openings
230 of each pair of the magnetic units 231 face away from
each other and each of the magnetic units 231 is C-shaped.

Referring to FIGS. 4 to 6, the magnetic units 231 may
have different configurations and be modified as long as each
of the magnetic units 231 partially covers a portion of each
of the close loop coils 221 and has the opening 230. For
example, as shown in FIG. 4, in a modification of the
embodiment, each of the magnetic units 231 has two free
ends 233 disposed at two opposing sides of the opening 230
and an insert portion 234 inserted in the insulating substrate
21 and facing the opening 230. The insert portion 234 of
each of the magnetic units 231 has an intermediate projec-
tion 232 pointing towards the opening 230 such that each of
the magnetic units 231 is E-shaped. In other words, the close
loop coils 221 of the coil units 22 formed on the first surface
211 and the second surface 212 are located on opposite sides
(i.e., upper and lower sides) of the intermediate projection
232 of each of the magnetic units 231. In another modifi-
cation of the embodiment, as shown in FIG. 5, each of the
magnetic units 231 is C-shaped, and the openings 230 of
each pair of the magnetic units 231 face toward each other.
That is to say, each of the openings 320 faces the center of
the insulating substrate 21. As shown in FIG. 6, in yet
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another modification of the embodiment, the magnetic units
231 are similar to the magnetic units 231 shown in FIG. 3,
and the difference therebetween resides in that one of the
free ends 233 of each of the magnetic units 231 is inserted
in the insulating substrate 21 such that the magnetic units
231 only cover a portion of the close loop coils 221 disposed
on the first surface 211 of the insulating substrate 21.

By virtue of the structural design of the magnetic units
231 of the inductive module 2, the inductance value of the
close loop coils 211 can be significantly increased without
increasing the number of turns or the length of the close loop
coils 221. Thus, it is advantageous to apply the inductive
module of the present disclosure in implantable medical
devices.

Referring to FIG. 7, an inductive device 20 that includes
a plurality of inductive modules 2 with a miniaturized
metamaterial structure of the present disclosure is shown.
The inductive modules 2 are arranged in a matrix array of
nxm and are juxtaposed with one another, where n and m are
positive integers and are greater than or equal to two. In this
example, the inductive modules 2 are arranged in a 3x3
array, but arrangement of the inductive modules 2 of the
present disclosure is not limited to this example.

Referring to FIG. 8, a modification of the inductive device
20 includes five of the inductive modules 2. In this modi-
fication, one of the inductive modules 2 is disposed at a
center of the inductive device 20, and the remaining four of
the inductive modules 2 are disposed respectively at four
corners of the central one of the inductive modules 2 and are
spaced apart from one another around the central inductive
module 2. As shown in FIG. 9, another modification of the
inductive device 20 also includes five of the inductive
modules 2. Four of the inductive modules 2 respectively
correspond in position to four side edges of one of the
inductive modules 2 that is disposed at the center of the
inductive device 20. The configuration of the inductive
device 20 shown in FIGS. 8 and 9 are merely some
examples, and the arrangement of the inductive modules 2
is not limited to these examples.

Referring to FIG. 10, which is a diagram showing plots of
inductance values of a representative example of the disclo-
sure, comparative example I, and comparative example 11
relative to operating frequencies thereof. Comparative
example [ is an inductive module that includes a plurality of
closed loop coils but not the magnetic units 231 of the
embodiment, and the experimental results thereof are
depicted by a dashed line. Comparative example II is
another inductive module including a magnetic unit dis-
posed at the center of a substrate, and the experimental
results thereof are depicted by a dot-dashed line. The rep-
resentative example of the disclosure is the inductive mod-
ule 2 shown in FIGS. 2 and 3, and the experimental results
thereof are depicted by a solid line. As seen in the experi-
mental results, by virtue of the structure of the magnetic
units 231 that are arranged in pairs and each pair of the
magnetic units 231 that are located at symmetrical positions
to partially cover the closed loop coils 221, an inductance
value generated by the representative example of the dis-
closure is significantly larger than that of Comparative
example | and Comparative example II, especially when the
operating frequency ranges between 0 Mhz to 50 MHz.

To sum up, by virtue of the design of the inductance
module 2 of the present disclosure that includes the mag-
netic units 231 disposed at symmetrical positions to partially
cover the closed loop coils 221 and respectively having the
openings 230, the inductance value generated by the closed
loop coils 221 can be significantly increased without adopt-
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ing the conventional approach of increasing the number of
coil turns and the length of the closed loop coils 221 because
the conventional approach may also increase internal resis-
tance of the closed loop coils 221 and adversely affect
transmission efficiency. By pursuing the design of the induc-
tance module 2 of the present disclosure, the inductance
module 2 can now be smaller in size and be used in
implantable medical devices. In this way, referring back to
FIG. 1, in case of the efficiency of wireless charging of the
medical devices is reduced due to misalignment or misori-
entation between the wireless charger 12 and the brain
pacemaker 11, e.g., the wireless charger 12 is tilted relative
to the brain pacemaker 11, since the inductive module 2 of
the present disclosure provides a relatively large inductance
value, the transmission efficiency between the wireless char-
ger 12 and the brain pacemaker 11 can still be maintained at
a certain level to meet the charging demand.

In the description above, for the purposes of explanation,
numerous specific details have been set forth in order to
provide a thorough understanding of the embodiments. It
will be apparent, however, to one skilled in the art, that one
or more other embodiments may be practiced without some
of these specific details. It should also be appreciated that
reference throughout this specification to “one embodi-
ment,” “an embodiment,” an embodiment with an indication
of an ordinal number and so forth means that a particular
feature, structure, or characteristic may be included in the
practice of the disclosure. It should be further appreciated
that in the description, various features are sometimes
grouped together in a single embodiment, figure, or descrip-
tion thereof for the purpose of streamlining the disclosure
and aiding in the understanding of various inventive aspects,
and that one or more features or specific details from one
embodiment may be practiced together with one or more
features or specific details from another embodiment, where
appropriate, in the practice of the disclosure.

While the disclosure has been described in connection
with what is considered the exemplary embodiment, it is
understood that this disclosure is not limited to the disclosed
embodiment but is intended to cover various arrangements
included within the spirit and scope of the broadest inter-
pretation so as to encompass all such modifications and
equivalent arrangements.

What is claimed is:

1. An inductive module with a miniaturized metamaterial
structure, comprising:

an insulating substrate that has a first surface and a second

surface opposite

to said first surface, and a through hole extending between

said first surface and said second surface;

two coil units, which are respectively disposed on said

first surface and said second surface of said insulating
substrate, and electrically connected to each other
through said through hole, each of said coil units
including at least one closed loop coil; and

at least one magnetic unit that corresponds in position to

a portion at least one of said coil units, that surrounds
said portion of said at least one of said coil units, and
that has an opening.

2. The inductive module of claim 1, wherein said at least
one magnetic unit corresponds in position to a portion of
each of said coil units and surrounds said portion of each of
said coil units by extending from one of said coil units to the
other one of said coil units.

10

15

20

25

30

35

40

45

50

55

60

6

3. The inductive module of claim 2, wherein said at least
one magnetic unit includes a plurality of magnetic units
which are spaced apart from one another and each of which
has said opening.

4. The inductive module of claim 3, wherein the quantity
of said magnetic units is of an even number, and said
magnetic units are located at symmetrical positions to cover
said coil units.

5. The inductive module of claim 4, wherein said mag-
netic units are arranged in pairs, and said openings of each
pair of said magnetic units face towards or away from each
other.

6. The inductive module of claim 4, wherein each of said
magnetic units is C-shaped.

7. The inductive module of claim 4, wherein each of said
magnetic units is E-shaped, and has an intermediate projec-
tion (232) inserted in said insulating substrate and pointing
towards said opening.

8. The inductive module of claim 1, wherein each of said
coil units includes a plurality of closed loop coils, and said
closed loop coils are formed concentrically and proximally
to an outer peripheral edge of said insulating substrate.

9. The inductive module of claim 1, wherein said insu-
lating substrate is a printed circuit board.

10. The inductive module of claim 1, wherein said coil
units are made of copper.

11. The inductive module of claim 1, wherein said mag-
netic unit is made of a soft magnetic material.

12. The inductive module of claim 1, wherein said at least
one magnetic unit includes a plurality of magnetic units,
each of which has said opening and which are angularly
spaced apart from one another around a center of said at least
one closed loop coil, said magnetic units being arranged in
pairs, each pair of said magnetic units being located respec-
tively at two positions that are symmetrical with respect to
said center, and each of said magnetic units forming an open
loop and partially loops around said portion of said at least
one closed loop coil.

13. The inductive module of claim 12, wherein each of
said magnetic units has two free ends disposed at two
opposing sides of said openings, and an insert portion that is
inserted in said insulating substrate and that faces said
opening.

14. The inductive module of claim 13, wherein each of
said magnetic units is C-shaped.

15. The inductive module of claim 13, wherein each of
said magnetic units is E-shaped, said insert portion having
an intermediate projection pointing towards said opening.

16. An inductive device, comprising:

a plurality of inductive modules each including an insu-

lating substrate that has

a first surface and a second surface opposite to said first
surface, and

a through hole extending between said first surface and
said second surface;

two coil units, which are respectively disposed on said

first surface and said second surface of said insulating
substrate, and electrically connected to each other
through said through hole, each of said coil units
including at least one closed loop coil; and

at least one magnetic unit that corresponds in position to

a portion of at least one of said coil units and that
surrounds said portion of said at least one of said coil
units,
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wherein said inductive modules are arranged in an array
and juxtaposed with one another.
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