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(57) ABSTRACT

A frequency selective reflector including a reflecting mem-
ber reflecting the electromagnetic waves; and a dielectric
layer that: is disposed at an incident side of the electromag-
netic waves with respect to the reflecting member; includes
a concave and convex structure in which a plurality of a unit
structure including a thickness distribution of increasing

(22) PCT Filed: Mar. 4, 2022 thickness in a predetermined direction is arranged; and
transmits the electromagnetic waves, wherein the unit struc-
(86) PCT No.: PCT/JP2022/009481 ture of the dielectric layer includes a plurality of cell regions
§ 371 (©)(1), of which thickness differs from one another; the dielectric
(2) Date: Aug. 30, 2023 layer includes, as the unit structure, at least a first unit
structure including three or more of the cell regions of which
(30) Foreign Application Priority Data thickness differs from one another; and a reflection direction
of the electromagnetic waves is controlled by controlling a
Mar. 4, 2021 (JP) ceoeveiiiiiiccee, 2021-034138 relative reflection phase distribution of the electromagnetic
Jun. 14, 2021 (JP) cevevveiiiiiccce, 2021-098586 waves by the thickness distribution of the dielectric layer.
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FREQUENCY SELECTIVE REFLECTOR AND
REFLECTING STRUCTURE

TECHNICAL FIELD

[0001] The present disclosure relates to a frequency selec-
tive reflector reflecting electromagnetic waves in a particular
frequency band to a direction different from a regular
reflection direction, and a reflecting structure including a
frequency selective reflector and a protective member con-
figured to protect the frequency selective reflector.

BACKGROUND ART

[0002] To improve the propagation environment and
propagation area in a mobile communication system, the
technique of the reflect array has been considered. The
technique of the reflect array is described, for example, in
Patent Document 1 and Patent Document 2, as well as
Non-Patent Documents 1 and Non-Patent Document 2. In
particular, high frequency radio waves, such as those used in
fifth generation communication systems, are strong in
straightness, and thus, the resolution of coverage holes is an
important issue. Fifth generation communication systems
are also referred to as 5G communication systems. Coverage
holes refer to regions where radio waves do not reach.

[0003] It is desired that the reflect array be capable of
reflecting electromagnetic waves to a desired direction rela-
tive to electromagnetic waves of a particular frequency
incident from a base station in a given direction. In such a
reflect array, for example, a plurality of reflective elements
arranged. By varying the size and shape of the reflective
element, the resonant frequency of each reflective element is
varied to control the reflection phase of the electromagnetic
wave. A technique for controlling the incident direction and
the reflection direction of electromagnetic waves by con-
trolling the reflection phase of electromagnetic waves has
been developed.
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SUMMARY

Technical Problem

[0009] In the reflect array, the pattern of reflective ele-
ments is known to be formed, for example, by etching a
metal layer using photolithographic techniques.

[0010] Here, in a mobile communication system, the rela-
tionship between the position of the base station, the position
of the coverage hole, and the installation location of the
reflect array is assumed to be a variety of situations. To that
end, it is necessary to use a reflect array having reflection
properties that are the target incident angle and reflection
angle in accordance with the situation.

[0011] However, attempting to customize the reflection
properties in response to a variety of situations increases the
cost of manufacturing the reflect array. This is because the
photomask used for photolithographic processing of the
metal layer needs to be customized. Thus, it is not practical
to customize the reflection properties of the reflect array to
a situation. In practice, it has been necessary to use a reflect
array with reflection properties that are not optimal for that
situation.

[0012] Also, in the reflect array, for example, the reflection
angle can be increased by narrowing the pitch of the
reflective element. However, in the planar arrangement of
reflective elements, it is difficult to increase the reflection
angle due to limitations in the narrowing of the pitch of the
reflective elements. In addition, it is necessary to finely
control the reflection phase in the reflect array plane to
obtain a reflect array having reflection properties that are the
target reflection angle in accordance with the situation.
However, since photolithographic processing of a metal
layer is limited in processing accuracy, it is difficult to finely
control the reflection phase at a high frequency of which the
wavelength is short and processing accuracy is required.
[0013] The present disclosure has been made in view of
the above circumstances, and the first object thereof is to
provide a frequency selective reflector that is easy to cus-
tomize reflection properties.

[0014] Incidentally, the reflect array needs to be protected
from the external environment. However, when the protec-
tive member is placed in the reflect array, there is a problem
that the electromagnetic waves are attenuated by the pro-
tective member.

[0015] Here, there is known a technique for suppressing
the attenuation of electromagnetic waves by a radome and
suppressing the disturbance of the directivity of the antenna
in an antenna device including a radome for protecting the
antenna body, but it is a technique for an antenna but not for
a reflect array. For example, it is known that the thickness of
the radome is one-half of the effective wavelength of the
electromagnetic wave or an integer multiple thereof, or a
quarter of the effective wavelength of the electromagnetic
wave or an integer multiple thereof. For example, it is
known that the distance between the antenna and the radome
is one-half of the effective wavelength of the electromag-
netic wave or an integer multiple thereof. These are
described, for example, in Patent Document 3.

[0016] Even when the protective member is arranged in
the reflect array, it is considered that the attenuation of
electromagnetic waves due to the protective member can be
suppressed by setting the thickness of the protective member
and the distance between the reflect array and the protective
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member to specific values as described above. However, the
designs of the reflect array and protective member will be
limited.

[0017] Also, in the reflect array, when the incident angle
and the reflection angle of the electromagnetic waves are
different, the path length between the incident side surface
of the protective member and the reflection array surface is
different between the incident wave and the reflected wave.
For this reason, when the protective member is arranged in
the reflect array, even if the thickness of the protective
member and the distance between the reflect array and the
protective member are set to specific values as described
above, the attenuation of the electromagnetic wave due to
the protective member cannot be sufficiently suppressed.
[0018] The present disclosure has been made in view of
the above circumstances, and a second object thereof is to
provide a reflecting structure including a frequency selective
reflector that reflects electromagnetic waves in a particular
frequency band to a direction different from the regular
reflection direction, and a protective member that protects
the frequency selective reflector, wherein the reflecting
structure is capable of suppressing attenuation of electro-
magnetic waves by the protective member without limiting
the design.

Solution to Problem

[0019] It is a first object of the present disclosure to
provide a frequency selective reflector that facilitates cus-
tomization of reflection properties. The first object is
achieved by embodiments of the present disclosure
described as below.

[0020] One of the embodiments of the present disclosure
provides a frequency selective reflector reflecting electro-
magnetic waves in a particular frequency band of 24 GHz or
more to a direction different from a regular reflection direc-
tion, the frequency selective reflector comprising: a reflect-
ing member reflecting the electromagnetic waves; and a
dielectric layer that: is disposed at an incident side of the
electromagnetic waves with respect to the reflecting mem-
ber; includes a concave and convex structure in which a
plurality of a unit structure including a thickness distribution
of increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves, wherein
the unit structure of the dielectric layer includes a plurality
of cell regions of which thickness differs from one another;
in each of the unit structure of the dielectric layer, in a graph
setting a horizontal axis as a length of the predetermined
direction of the unit structure, and setting a vertical axis as
a relative reflection phase when the electromagnetic waves
are transmitted through the dielectric layer, reflected by the
reflecting member and emitted to the incident side of the
electromagnetic wave by being transmitted through the
dielectric layer again, in the graph, a value of the relative
reflection phase of the electromagnetic waves is over —360°
and 0° or less, when a point corresponding to a central
position of the predetermined direction in each cell region
and corresponding to the relative reflection phase of the
electromagnetic waves in each cell region are plotted, and a
straight line passing through a point corresponding to a
minimum thickness cell region having a minimum thickness
is drawn, each point is on a same straight line; the dielectric
layer includes, as the unit structure, at least a first unit
structure including three or more of the cell regions of which
thickness differs from one another; and a reflection direction
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of the electromagnetic waves is controlled by controlling a
relative reflection phase distribution of the electromagnetic
waves by the thickness distribution of the dielectric layer.

[0021] Another embodiment of the present disclosure pro-
vides a frequency selective reflector reflecting electromag-
netic waves in a particular frequency band of 24 GHz or
more to a direction different from a regular reflection direc-
tion, the frequency selective reflector comprising: a reflect-
ing member reflecting the electromagnetic waves; and a
dielectric layer that: is disposed at an incident side of the
electromagnetic waves with respect to the reflecting mem-
ber; includes a concave and convex structure in which a
plurality of a unit structure including a thickness distribution
of increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves, wherein
the unit structure of the dielectric layer includes a plurality
of cell regions of which thickness differs from one another;
in each of the unit structure of the dielectric layer, in a graph
setting a horizontal axis as a relative position when a central
position in the predetermined direction of a minimum thick-
ness cell region having a minimum thickness is defined as 0,
and a central position of the predetermined direction of a
maximum thickness cell region having a maximum thick-
ness is defined as 1; and setting a vertical axis as a ratio of
a thickness of each cell region to a thickness of the maxi-
mum thickness cell region when a thickness of the minimum
thickness cell region is defined as 0, and a thickness of the
maximum thickness cell region is defined as 1; when a point
corresponding to a central position of the predetermined
direction in each cell region and corresponding to a thick-
ness ratio of each cell region with respect to a thickness of
the maximum thickness cell region is plotted to obtain a
regression line of a below formula (1):

y=ax M,

[Tt}

a slope “a” of the regression line is 0.7 or more and 1.2 or
less, a coefficient of determination of the regression line is
0.9 or more; and the dielectric layer includes, as the unit
structure, at least a first unit structure including three or
more of the cell regions of which thickness differs from one
another.

[0022] Another embodiment of the present disclosure pro-
vides a frequency selective reflector reflecting electromag-
netic waves in a particular frequency band of 24 GHz or
more to a direction different from a regular reflection direc-
tion, the frequency selective reflector comprising: a reflect-
ing member reflecting the electromagnetic waves; and a
dielectric layer that: is disposed at an incident side of the
electromagnetic waves with respect to the reflecting mem-
ber; includes a concave and convex structure in which a
plurality of a unit structure including a thickness distribution
of increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves, wherein
the unit structure of the dielectric layer includes a plurality
of cell regions of which thickness differs from one another;
in each of the unit structure of the dielectric layer, a
difference between a minimum thickness and a maximum
thickness is 0.2 mm or more and 15 mm or less; and the
dielectric layer includes, as the unit structure, at least a first
unit structure including three or more of the cell regions of
which thickness differs from one another.

[0023] Another embodiment of the present disclosure pro-
vides a dielectric layer to be used for the frequency selective
reflector described above.
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[0024] It is a second object of the present disclosure to
provide a reflecting structure including a frequency selective
reflector that reflects electromagnetic waves in a particular
frequency band to a direction different from a regular
reflection direction, and a protective member that protects
the frequency selective reflector, wherein the reflecting
structure is capable of suppressing attenuation of electro-
magnetic waves due to the protective member without
limiting the design. The second objective is achieved by
embodiments of the present disclosure as described below.
[0025] Another embodiment of the present disclosure pro-
vides a reflecting structure comprising: a frequency selective
reflector reflecting electromagnetic waves in a particular
frequency band to a direction different from a regular
reflection direction; and a protective member arranged in an
upper side of the frequency selective reflector, wherein a
thickness of the protective member is less than %4 of an
effective wavelength of the electromagnetic waves propa-
gating in the protective member.

Advantageous Effects of Disclosure

[0026] The frequency selective reflector of the present
disclosure exhibits the effect of facilitating the customiza-
tion of the reflection properties. Also, the frequency selec-
tive reflector of the present disclosure exhibits the effect of
increasing the margin of processing accuracy in controlling
reflection properties.

[0027] The reflecting structure of the present disclosure
exhibits the effect of suppressing the attenuation of electro-
magnetic waves due to the protective member without
limiting the design.

BRIEF DESCRIPTION OF DRAWINGS

[0028] FIGS. 1A to 1C are schematic plan view and
cross-sectional views exemplifying the frequency selective
reflector of the present disclosure, and a schematic diagram
for explaining a relative reflection phase of electromagnetic
waves in each cell region of a unit structure of a dielectric
layer in the frequency selective reflector of the present
disclosure.

[0029] FIG. 2 is a schematic diagram exemplifying reflec-
tion properties in the frequency selective reflector of the
present disclosure.

[0030] FIGS. 3A to 3H are schematic perspective views
and plan views exemplifying the unit structure of the dielec-
tric layer in the frequency selective reflector of the present
disclosure.

[0031] FIGS. 4A to 4C are schematic plan views exem-
plifying the unit structure of the dielectric layer in the
frequency selective reflector of the present disclosure.
[0032] FIG. 5 is a schematic cross-sectional view exem-
plifying the frequency selective reflector of the present
disclosure.

[0033] FIGS. 6A and 6B are a schematic cross-sectional
view exemplitying the frequency selective reflector of the
present disclosure, and a schematic diagram for explaining
the relative reflection phase of electromagnetic waves in
each cell region of the unit structure of the dielectric layer
in the frequency selective reflector of the present disclosure.
[0034] FIG. 7 is a schematic diagram exemplifying reflec-
tion properties in the frequency selective reflector of the
present disclosure.
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[0035] FIG. 8 is a schematic plan view exemplifying the
unit structure of the dielectric layer in the frequency selec-
tive reflector of the present disclosure.

[0036] FIGS. 9A to 9C are a schematic cross-sectional
view exemplitying the frequency selective reflector of the
present disclosure, and schematic diagrams for explaining
the relative reflection phase of electromagnetic waves in
each cell region of the unit structure of the dielectric layer
in the frequency selective reflector of the present disclosure.
[0037] FIG. 10 is a schematic diagram exemplifying the
structure of the unit structure of the dielectric layer in the
frequency selective reflector of the present disclosure.
[0038] FIG. 11 is a schematic cross-sectional view exem-
plitying the frequency selective reflector of the present
disclosure.

[0039] FIGS. 12A and 12B are a schematic plan view
exemplifying a reflecting member in the frequency selective
reflector of the present disclosure, and a schematic cross-
sectional view exemplifying the frequency selective reflec-
tor of the present disclosure.

[0040] FIGS. 13A and 13B are a schematic plan view
exemplifying the reflecting member in the frequency selec-
tive reflector of the present disclosure, and a schematic
cross-sectional view exemplifying the frequency selective
reflector of the present disclosure.

[0041] FIG. 14 is a schematic cross-sectional view exem-
plitying the frequency selective reflector of the present
disclosure.

[0042] FIGS. 15A to 15C are a schematic plan view and
cross-sectional view exemplifying the frequency selective
reflector of the present disclosure, and a graph exemplifying
the relation between a relative position and thickness ratio of
each cell region of the unit structure of the dielectric layer
in the frequency selective reflector of the present disclosure.
[0043] FIG. 16 is a graph exemplifying the relation
between the relative position and the thickness ratio of each
cell region of the unit structure of the dielectric layer in the
frequency selective reflector of the present disclosure.
[0044] FIGS. 17A and 17B are a schematic cross-sectional
view exemplifying a reflecting structure of the present
disclosure, and a schematic plan view exemplifying the
frequency selective reflector in the reflecting structure of the
present disclosure.

[0045] FIGS. 18A and 18B are a schematic cross-sectional
view exemplifying the reflecting structure of the present
disclosure, and a schematic plan view exemplifying the
frequency selective reflector in the reflecting structure of the
present disclosure.

[0046] FIGS. 19A and 19B are a schematic plan view and
cross-sectional view exemplifying the reflecting structure of
the present disclosure.

[0047] FIGS. 20A and 20B are a schematic perspective
view showing a simulation model of Example 1, and a graph
showing the simulation result.

[0048] FIGS. 21A and 21B are a schematic perspective
view showing a simulation model of Example 2, and a graph
showing the simulation result.

[0049] FIG. 22 is a schematic diagram exemplifying a
transmission line equivalent circuit.

[0050] FIGS. 23Ato 23C are a schematic perspective view
showing a simulation model of Example 5 and graphs
showing the simulation result.

[0051] FIGS. 24A to 24C are graphs exemplifying the
relation between the relative position and the thickness ratio



US 2024/0145929 Al

of each cell region of the unit structure of the dielectric layer
in the frequency selective reflector of Example 6.

DESCRIPTION OF EMBODIMENTS

[0052] Embodiments of the present disclosure will be
hereinafter explained with reference to, for example, draw-
ings. However, the present disclosure is enforceable in a
variety of different aspects, and thus should not be taken as
is limited to the contents described in the embodiments
exemplified as below. Also, the drawings may show the
features of the invention such as width, thickness, and shape
of each part schematically in order to explain the invention
more clearly in some cases comparing to the actual form;
however, it is merely an example, and thus does not limit the
interpretation of the present disclosure. Also, in the present
description and each drawing, for the factor same as that
described in the drawings already explained, the same
reference sign is indicated and the explanation thereof may
be omitted.

[0053] In the present description, upon expressing an
aspect of arranging one member on the other member, when
it is expressed simply “on” or “below”, both of when the
other member is directly arranged on or below the one
member so as to contact with each other, and when the other
member is arranged above or below the one member further
interposing an additional member, can be included unless
otherwise described. Upon expressing an aspect of arranging
one member above the other member, when it is expressed
simply “in upper side” or “down side”, any of when the other
member is directly arranged on or below the one member so
as to contact with each other, when the other member is
arranged above or below the one member interposing an
additional member, and when the other member is arranged
upward or downward of the one member interposing a
space, can be included unless otherwise described. Further-
more, in the present description, upon expressing an aspect
of arranging the other member in a surface of one member,
when expressed simply “in a surface”, both of when the
other member is directly arranged on or below the one
member so as to contact with each other, and when the other
member is arranged above or below the one member further
interposing an additional member, can be included unless
otherwise described.

[0054] A frequency selective reflector, a dielectric layer
used therefor, and a reflecting structure in the present
disclosure will be hereinafter explained in.

[0055] A. Frequency Selective Reflector

[0056] The frequency selective reflector in the present
disclosure has three embodiments. In the following, each
embodiment will be explained separately.

1. First Embodiment of Frequency Selective
Reflector

[0057] The frequency selective reflector in the present
embodiment is a frequency selective reflector reflecting
electromagnetic waves in a particular frequency band of 24
GHz or more to a direction different from a regular reflection
direction, the frequency selective reflector comprising: a
reflecting member reflecting the electromagnetic waves; and
a dielectric layer that: is disposed at an incident side of the
electromagnetic waves with respect to the reflecting mem-
ber; includes a concave and convex structure in which a
plurality of a unit structure including a thickness distribution
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of increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves, wherein
the unit structure of the dielectric layer includes a plurality
of cell regions of which thickness differs from one another;
in each of the unit structure of the dielectric layer, in a graph
setting a horizontal axis as a length of the predetermined
direction of the unit structure, and setting a vertical axis as
a relative reflection phase when the electromagnetic waves
are transmitted through the dielectric layer, reflected by the
reflecting member and emitted to the incident side of the
electromagnetic wave by being transmitted through the
dielectric layer again, in the graph, a value of the relative
reflection phase of the electromagnetic waves is over —360°
and 0° or less, when a point corresponding to a central
position of the predetermined direction in each cell region
and corresponding to the relative reflection phase of the
electromagnetic waves in each cell region are plotted, and a
straight line passing through a point corresponding to a
minimum thickness cell region having a minimum thickness
is drawn, each point is on a same straight line; the dielectric
layer includes, as the unit structure, at least a first unit
structure including three or more of the cell regions of which
thickness differs from one another; and a reflection direction
of the electromagnetic waves is controlled by controlling a
relative reflection phase distribution of the electromagnetic
waves by the thickness distribution of the dielectric layer.

[0058] The frequency selective reflector of the present
embodiment will be explained with reference to drawings.
FIGS. 1A and 1B are a schematic plan view and cross-
sectional view showing an example of the frequency selec-
tive reflector of the present embodiment, and FIG. 1B is a
cross-sectional view of A-A line in FIG. 1A. As shown in
FIGS. 1A and 1B, frequency selective reflector 1 includes:
reflecting member 2 reflecting particular electromagnetic
waves; and dielectric layer 5 that: is disposed at an incident
side of the electromagnetic waves with respect to the reflect-
ing member 2; includes a concave and convex structure in
which a plurality of unit structure 10 including a thickness
distribution of which thickness t1 to t6 increase in prede-
termined direction D1 is arranged; and transmits particular
electromagnetic waves. Also, the frequency selective reflec-
tor 1 may include adhesive layer 6 between the reflecting
member 2 and the dielectric layer 5. The unit structure 10 of
the dielectric layer 5 includes a plurality of cell regions 11a
to 11f of which thickness t1 to t6 differs from one another.
For example, in FIG. 1B, the unit structure 10 of the
dielectric layer 5 has a stepped shape in which the thickness
t1 to t6 gradually increase in the predetermined direction D1,
the number of steps in the stepped shape is six stages, and
the unit structure 10 of the dielectric layer 5 includes six cell
regions 11a to 11f. In each cell region 11a to 11f of the unit
structure 10 of the dielectric layer 5, since the thicknesses t1
to t6 are different, the round-trip optical path length when
the electromagnetic wave is transmitted through the dielec-
tric layer 5, reflected by the reflecting member 2 and is
emitted to the incident side of the electromagnetic wave by
being transmitted through the dielectric layer 5 again, is
different, and these differences in the round-trip optical path
length in the dielectric layer, that is the optical path differ-
ence, will produce a relative reflection phase difference.

[0059] Here, the term “optical path length” is used in the
present description to refer to the effective distance when the
electromagnetic wave passes through the dielectric layer in
practice because the wavelength of the frequency band
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targeted in the present disclosure is more easily explained
when described as behavior similar to the light since the
wavelength of the frequency band targeted in the present
disclosure is closer to that of the light as compared to the
frequency band of a conventional LTE and is high in
straightness.

[0060] Then, in the unit structure 10 of the dielectric layer
5, in a graph setting a horizontal axis as a length L of the
predetermined direction D1 of the unit structure 10, and
setting a vertical axis as a relative reflection phase when the
electromagnetic waves are transmitted through the dielectric
layer 5, reflected by the reflecting member 2 and emitted to
the incident side of the electromagnetic wave by being
transmitted through the dielectric layer 5 again, in the graph,
avalue of the relative reflection phase of the electromagnetic
waves is over —=360° and 0° or less, when a point corre-
sponding to a central position of the predetermined direction
D1 in each cell region and corresponding to the relative
reflection phase of the electromagnetic waves in each cell
region are plotted, and a straight line passing through a point
corresponding to a minimum thickness cell region having a
minimum thickness is drawn, each point is on a same
straight line.

[0061] FIG. 1C is a graph setting a horizontal axis as the
length L of the unit structure 10 of the dielectric layer 5 in
the predetermined direction D1, and setting a vertical axis as
a relative reflection phase when the electromagnetic waves
are transmitted through the dielectric layer 5, reflected by the
reflecting member 2 and emitted to the incident side of the
electromagnetic wave by being transmitted through the
dielectric layer 5 again, wherein a value of the relative
reflection phase of the electromagnetic waves is over —360°
and 0° or less; and it is an example of the relative reflection
phase of electromagnetic waves in each cell region of the
unit structure of the dielectric layer in the frequency selec-
tive reflector shown in FIGS. 1A and 1B. As shown in FIG.
1C, the relative reflection phases of electromagnetic waves
in each cell region 11a to 11f of the unit structure 10 of the
dielectric layer 5 are respectively 0°, -60°, -120°, -180°,
-240°, and -300°, and the absolute value of the difference
between the relative reflection phases of electromagnetic
waves in neighboring cell regions is 60°. In this case,
thicknesses tl to t6 of six cell regions 11a to 11f of the unit
structure 10 of the dielectric layer 5 are designed so that the
absolute value of the difference between the relative reflec-
tion phases of the electromagnetic waves in neighboring cell
regions become 360° divided by 6, that is 60°. Then, as
shown in FIG. 1C, when a point corresponding to a central
position of the predetermined direction D1 in each cell
region 11a to 11f of the unit structure 10 of the dielectric
layer 5 and corresponding to the relative reflection phase of
the electromagnetic waves in each cell region 11a to 11f'are
plotted, and among each cell region 11a to 11/, a straight line
passing through a point corresponding to minimum thick-
ness cell region 11a having the minimum thickness t1 is
drawn, each point is on a same straight line. In other words,
each point is on the solid line in the graph shown in FIG. 1C.

[0062] Here, in the present description, “reflection phase”
refers to the amount of change in phase of the reflected wave
relative to the phase of the incident wave incident on a
surface. In the frequency selective reflector including the
reflecting member and the dielectric layer of the present
disclosure, it is referred to as the amount of change in phase
of the reflected wave when the incident wave is transmitted
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through the dielectric layer, reflected by the reflecting mem-
ber and is emitted through the dielectric layer by being
transmitted through the dielectric layer again, with respect to
the phase of the incident wave.

[0063] Also, in the present description, the term “relative
reflection phase” is one in which, in one unit structure of the
dielectric layer, when the reflection phase in the cell region
where the delay of the reflection phase is the smallest is used
as a reference, the delay of the reflection phase in a certain
cell region with respect to the reflection phase of the
reference is shown as a negative signal. For example, in one
unit structure of the dielectric layer, when the reflection
phase in the cell region where the delay of the reflection
phase is the smallest is —10°, the relative reflection phase in
the cell region where the reflection phase is —-40°, is -30°.
[0064] When the reflecting member has a reflection phase
control function as described below, the relative reflection
phase of the electromagnetic wave in the cell region is a
value obtained by synthesizing also the reflection phase at
the reflecting member.

[0065] Also, in the present description, a “cell region”
refers to a region in which the relative reflection phase of an
electromagnetic wave is the same in the unit structure of the
dielectric layer.

[0066] Note that the reflection phase is in the range of over
-360° to less than +360° unless otherwise noted, and -360°
and +360° return to 0°. Also, the relative reflection phase is
in the range of over -360° to 0° or less, unless otherwise
noted, and -360° returns to 0°.

[0067] In a conventional reflect array in which a plurality
of reflective elements arranged, for example, by adjusting
the size and shape of the reflective element, the reflection
phase can be delayed or the reflection phase can be
advanced. In the frequency selective reflector of the present
disclosure, the reflection phase is basically delayed by
adjusting the thickness of each cell region of the unit
structure of the dielectric layer. For this reason, the relative
reflection phase is based on the reflection phase in the cell
region where the delay of the reflection phase is the smallest.
[0068] Also, usually, in one unit structure of the dielectric
layer, the cell region where the delay of the reflection phase
is the smallest is a minimum thickness cell region having a
minimum thickness in a predetermined direction in which
the thickness increases. Thus, in the above graph, a straight
line is drawn through a point corresponding to the minimum
thickness cell region having the minimum thickness.
[0069] As described above, in each cell region 11a to 111
of'the unit structure 10 of the dielectric layer 5, the thickness
t1 to t6 varies, thereby the round-trip optical path length in
the dielectric layer 5 varies and the relative reflection phase
of the electromagnetic wave varies. Thus, as exemplified in
FIG. 2, the incident wave W1 of the electromagnetic wave
can be reflected to a direction different from the regular
reflection direction, that is the specular reflection direction.
In this case, the incident angle 81 of the incident wave W1
of the electromagnetic wave is different from the reflection
angle 02 of the reflected wave W2 of the electromagnetic
wave.

[0070] Thus, by varying the thickness of each cell region
of the unit structure of the dielectric layer, the frequency
selective reflector of the present embodiment can vary the
round-trip optical path length in the dielectric layer per each
cell region and control the reflection phase of the electro-
magnetic wave. As a result, the direction of reflection of the
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electromagnetic wave with respect to the predetermined
incident direction can be controlled in any direction.

[0071] Further, the concave and convex structure of the
dielectric layer in the present embodiment can be formed by
various techniques such as, for example, cutting, laser
processing, using a mold, 3D printer, and joining small piece
parts. Therefore, there is no need for a photomask that was
required for photolithographic processing of a metal layer in
a conventional reflect array. Thus, when the thickness of
each cell region of the unit structure of the dielectric layer
is designed and the dielectric layer is formed so as to obtain
reflection properties with the desired incident angle and
reflection angle in accordance with the situation, the desired
dielectric layer can be formed with comparatively low cost
and short term, which easily meets a small quantity and
variety of needs. In addition, for the thickness of the
dielectric layer and the size of the unit structure of the
dielectric layer that affect the control of the reflection
properties, the range of possible processing is relatively
wide. Therefore, for example, the incident angle and the
reflection angle of the electromagnetic wave can be
increased, and the control region of the reflection properties
can be widened. Furthermore, with respect to the thickness
of the dielectric layer and the pitch of the cell region of the
unit structure of the dielectric layer, the margin of dimen-
sional processing accuracy for achieving the desired reflec-
tion phase is relatively wide. Therefore, the desired reflec-
tion properties can be easily obtained and the influence of
dimensional variations can be reduced. Accordingly, it is
easy to customize the reflection properties of the frequency
selective reflector.

[0072] Also, in the frequency selective reflector of the
present embodiment, the reflecting member may be a fre-
quency selective plate that reflects only a particular electro-
magnetic wave. For example, as shown in FIGS. 1A and 1B,
the reflecting member 2 is the one in which a plurality of
ring-shaped reflective elements 3 arranged, and it includes
dielectric substrate 4, and a plurality of reflective elements
3 arranged on the dielectric layer 5 side surface of the
dielectric substrate 4.

[0073] Further, in the frequency selective reflector of the
present embodiment, the reflecting member may be a fre-
quency selective plate that reflects only a particular electro-
magnetic wave, as well as a member including a reflection
phase control function that controls the reflection phase of
the electromagnetic wave. Such a reflecting member can
vary the resonant frequency per reflective element by vary-
ing the size and shape of the reflective element, and can
control the targeted reflection phase of the electromagnetic
waves. In this case, the reflection phase of the electromag-
netic wave can be controlled not only by the thickness of the
dielectric layer but also by the size and shape of the
reflective element, and the degree of freedom of design for
controlling the reflection properties can be improved.

[0074] Thus, in the frequency selective reflector of the
present embodiment, when such a reflecting member is used,
the degree of freedom in controlling the reflection properties
can be widened by combining with the dielectric layer.
Therefore, customization of the reflection properties of the
frequency selective reflector can be made easier. For
example, there is an operation where the reflection proper-
ties in top and bottom directions may be prepared with
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multiple types of reflecting members and combined with a
dielectric layer that adjusts the reflection properties in hori-
zontal direction.

[0075] The inventors of the present disclosure also simu-
late the reflection properties of electromagnetic waves in a
particular frequency band when the reflecting member is a
frequency selective plate including a reflective element that
reflects only a particular electromagnetic wave in the fre-
quency selective reflector including the reflecting member
and the dielectric layer of the present disclosure. This
simulation has found that when the thickness of the cell
region of the unit structure of the dielectric layer is varied to
vary the round-trip optical path length in the dielectric layer
per cell region, the deviation of the reflection phase was
greater compared to the deviation of the reflection phase in
the reflective element due to the proximity of the dielectric
layer to the reflecting member, that is, the frequency selec-
tive plate. In other words, it has been discovered that the
design of substantial reflection properties can be substan-
tially determined by the design of the concave and convex
structure of the dielectric layer. At this time, the resonant
frequency of the reflective element varies depending on the
presence or absence of the adjacent dielectric layer, but if the
design is performed on the premise that the dielectric layer
is present, the practical problem is solved. Furthermore, the
in-plane arrangement of the concave and convex structure of
the dielectric layer to achieve an in-plane distribution design
of the reflection phase in the frequency selective reflector
need not be in a fixed positional relationship with respect to
the in-plane arrangement of the reflective element of the
reflecting member, and it has been found out that even if the
concave and convex structure of the dielectric layer is
shifted and arranged with respect to the in-plane arrange-
ment of the reflective element, there is no significant effect
on the reflection properties.

[0076] Thus, when the dielectric layer and the reflecting
member as described above are combined and used in the
frequency selective reflector of the present embodiment, it is
possible to design each of the dielectric layer and the
reflecting member independently, and combine the two. In
this case, a dielectric layer for achieving reflection properties
according to the use environment may be made each time
and a plurality of specifications may be prepared in advance.
As aresult, it is possible to more easily customize the design
of'the reflection direction of the frequency selective reflector
that changes according to the use environment, and it
becomes easy to apply to various situations. Incidentally, as
described above, in the case of adjusting the total reflection
properties of the frequency selective reflector by the com-
bination of the respective reflection phase distributions of
the reflecting member and the dielectric layer, the accuracy
of the misalignment of the reflecting member and the
dielectric layer according to the required specification is
required. On the other hand, when the reflection properties
of the frequency selective reflector are adjusted only by the
reflection phase distribution of the dielectric layer, the
accuracy of the misalignment of the reflecting member and
the dielectric layer is not required so much.

[0077] In the following, each configuration of the fre-
quency selective reflector of the present embodiment will be
described.

[0078] 1. Dielectric Layer

[0079] The dielectric layer in the present embodiment is a
member that is disposed at an incident side of the electro-
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magnetic waves with respect to the reflecting member;
includes a concave and convex structure in which a plurality
of a unit structure including a thickness distribution of
increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves in a
particular frequency band. Also, the unit structure of the
dielectric layer includes a plurality of cell regions of which
thickness differs from one another; and in each of the unit
structure of the dielectric layer, in a graph setting a hori-
zontal axis as a length of the predetermined direction of the
unit structure, and setting a vertical axis as a relative
reflection phase when the electromagnetic waves are trans-
mitted through the dielectric layer, reflected by the reflecting
member and emitted to the incident side of the electromag-
netic wave by being transmitted through the dielectric layer
again, in the graph, a value of the relative reflection phase of
the electromagnetic waves is over —=360° and 0° or less,
when a point corresponding to a central position of the
predetermined direction in each cell region and correspond-
ing to the relative reflection phase of the electromagnetic
waves in each cell region are plotted, and a straight line
passing through a point corresponding to a minimum thick-
ness cell region having a minimum thickness is drawn, each
point is on a same straight line. Also, the dielectric layer
includes, as the unit structure, at least a first unit structure
including three or more of the cell regions of which thick-
ness differs from one another.

[0080] (1) Structure of Dielectric Layer

[0081] The dielectric layer includes a concave and convex
structure in which a plurality of a unit structure including a
thickness distribution of increasing thickness in a predeter-
mined direction is arranged.

[0082] The unit structure of the dielectric layer includes a
plurality of cell regions of which thickness differs from one
another; and in each of the unit structure of the dielectric
layer, in a graph setting a horizontal axis as a length of the
predetermined direction of the unit structure, and setting a
vertical axis as a relative reflection phase when the electro-
magnetic waves are transmitted through the dielectric layer,
reflected by the reflecting member and emitted to the inci-
dent side of the electromagnetic wave by being transmitted
through the dielectric layer again, in the graph, a value of the
relative reflection phase of the electromagnetic waves is
over =360° and 0° or less, when a point corresponding to a
central position of the predetermined direction in each cell
region and corresponding to the relative reflection phase of
the electromagnetic waves in each cell region are plotted,
and a straight line passing through a point corresponding to
a minimum thickness cell region having a minimum thick-
ness is drawn, each point is on a same straight line.
[0083] It should be noted that when each point is on the
same straight line, the difference in the vertical axis direction
of each point with respect to the straight line is within £72°.
The difference in the vertical axis direction of each point
relative to the straight line is preferably within +54°, more
preferably within £36°, and further more preferably within
+18°. In the case where each point includes a deviation in the
vertical axis direction with respect to the straight line, and a
straight line passing through each point is difficult to be
drawn, “a straight line connecting a point corresponding to
a minimum thickness cell region having a minimum thick-
ness and a point corresponding to a minimum thickness cell
region having a minimum thickness in a unit structure
adjacent to the unit structure” may be considered. A point

May 2, 2024

corresponding to the minimum thickness cell region having
the minimum thickness is a point of a relative reflectance
phase of 0°. A point corresponding to the minimum thick-
ness cell region having the minimum thickness in the unit
structure adjacent to the unit structure is a point that can be
regarded as a relative reflection phase of -360°.

[0084] The unit structure of the dielectric layer includes a
thickness distribution of increasing thickness in a predeter-
mined direction. The unit structure of the dielectric layer
may include, for example, a thickness distribution that
increases in thickness in only one direction. Alternatively,
the unit structure of the dielectric layer may include a
thickness distribution that increases in thickness in two
directions that are a first direction and a second direction
perpendicular to the first direction. For example, FIG. 3A is
an example in which the unit structure 10 of the dielectric
layer includes a thickness distribution in which the thickness
increases only in the first direction D1, and FIGS. 3C, 3E,
and 4A are examples of a thickness distribution in which the
thickness of the unit structure 10 of the dielectric layer
increases in the first direction D1 and the second direction
D2.

[0085] If the unit structure of the dielectric layer includes
a thickness distribution that increases in thickness only in
one direction, then each point will be on the same straight
line when plotting the above points in the graph with the
length of the unit structure in one direction as the horizontal
axis. Also, when the unit structure of the dielectric layer
includes a thickness distribution in which the thickness
increases in two directions perpendicular to each other, each
point is on the same straight line in each graph when the
points are plotted in the graph in which the length of the unit
structure in the two directions is respectively the horizontal
axis.

[0086] In one unit structure of the dielectric layer, the
absolute value of the relative reflection phase difference of
the electromagnetic waves in neighboring cell regions is less
than 180°, preferably 120° or less, and more preferably 60°
or less. The smaller the absolute value of the difference in
the relative reflection phase of the electromagnetic waves in
neighboring cell regions, the smoother the wavefront of the
reflected waves. Also, the absolute value of the difference of
the relative reflection phase of the electromagnetic waves in
neighboring the cell regions is over 0°.

[0087] When the maximum thickness cell region having
the maximum thickness in one unit structure and the mini-
mum thickness cell region having the minimum thickness in
the other unit structure are adjacent to each other in the
adjacent unit structure, on the basis of reflection phase in the
cell region where the delay of reflection phase in one unit
structure is the smallest, when the relative reflection phase
of the electromagnetic wave in the minimum thickness cell
region having the minimum thickness in the other unit
structure is set to be over —720° and -360° or less shifted by
one, the absolute value of the difference between the relative
reflection phase of the electromagnetic wave in the maxi-
mum thickness cell region having the maximum thickness in
one unit structure and the relative reflection phase of the
electromagnetic wave in the minimum thickness cell region
having the minimum thickness in the other unit structure is
less than 180°, preferably 120° or less, and more preferably
60° or less. The smaller the absolute value of the difference
in the relative reflection phase of the electromagnetic waves
in these neighboring cell regions, the smoother the wave-
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front of the reflected waves. Also, the absolute value of the
difference in the relative reflection phase of electromagnetic
waves in these neighboring cell regions is over 0°. For
example, in FIG. 1C, in the adjacent unit structures 10a and
105, the relative reflection phase of the electromagnetic
wave in the maximum thickness cell region 11f having the
maximum thickness t6 of one unit structure 10a is -300°,
and the relative reflection phase of the electromagnetic wave
in the minimum thickness cell region 11a having the mini-
mum thickness t1 of the other unit structure 105 is Thus, the
absolute value of a difference between the relative reflection
phase of the electromagnetic waves in the maximum thick-
ness cell region 11/ having the maximum thickness t6 of one
unit structure 10a and the relative reflection phase of the
electromagnetic waves in the minimum thickness cell region
11a having the minimum thickness t1 of the other unit
structure 105, is 60°.

[0088] Also, in one unit structure of the dielectric layer,
the difference of the relative reflection phase of the electro-
magnetic waves in neighboring cell regions is preferably
equal. For example, as shown in FIG. 1B, if the unit
structure 10 of the dielectric layer 5 includes six cell regions,
each of the difference of the relative reflection phases of the
electromagnetic waves in the neighboring cell regions 11a
and 1154, the difference of the relative reflection phases of the
electromagnetic waves in the neighboring cell regions 115
and 11c, the difference of the relative reflection phases of the
electromagnetic waves in the neighboring cell regions 11c¢
and 114, the difference of the relative reflection phases of the
electromagnetic waves in the neighboring cell regions 114
and 1le, and the difference of the relative reflection phases
of the electromagnetic waves in the neighboring cell regions
11e and 11f; are preferably equal. For example, in FIG. 1C,
all of the absolute values of differences in the relative
reflection phases of electromagnetic waves in neighboring
cell regions are 60° and equal.

[0089] In addition, when the maximum thickness cell
region having the maximum thickness in one unit structure
and the minimum thickness cell region having the minimum
thickness in the other unit structure are adjacent to each
other in the adjacent unit structure, on the basis of the
reflection phase in the cell region where the delay of the
reflection phase in one unit structure is the smallest, when
the relative reflection phase of the electromagnetic wave in
the minimum thickness cell region having the minimum
thickness in the other unit structure is set to be over -720°
and -360° or less shifted by one cycle, the difference in the
relative reflection phases of the electromagnetic waves in
neighboring cell regions are preferably equal not only in all
the cell regions in one unit structure but also including the
minimum thickness cell region having the minimum thick-
ness in the other unit structure. For example, in FIG. 1C, in
adjacent unit structures 10a and 105, the relative reflection
phases of electromagnetic waves in each cell region 11a to
11/ of one unit structure 10a are respectively 0°, -60°,
-120°, -180°, -240°, and -300°, and the relative reflection
phase of electromagnetic waves in the minimum thickness
cell region 11a having the minimum thickness t1 of the other
unit structure 105 is —=360°. Thus, in all the cell regions 11a
to 11f'in one unit structure 10qa, and including the minimum
thickness cell region 11a having the minimum thickness t1
in the other unit structure 105, the absolute values of
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difference in the relative reflection phases of the electro-
magnetic waves in neighboring cell regions are all 60° and
equal.

[0090] Also, in one unit structure of the dielectric layer, an
absolute value of a difference between the relative reflection
phase of the electromagnetic waves in the minimum thick-
ness cell region having the minimum thickness, and the
relative reflection phase of the electromagnetic waves in the
maximum thickness cell region having the maximum thick-
ness, is less than 360°. Also, in one unit structure of the
dielectric layer, an absolute value of a difference between the
relative reflection phase of the electromagnetic waves in the
minimum thickness cell region having the minimum thick-
ness, and the relative reflection phase of the electromagnetic
waves in the maximum thickness cell region having the
maximum thickness needs to be more than 180°, and is
preferably 300° or more and less than 360°. For example, as
shown in FIG. 1B, when the unit structure 10 of the
dielectric layer 5 includes six cell regions, in one unit
structure 10, an absolute value of a difference between the
relative reflection phase of the electromagnetic waves in the
minimum thickness cell region 11¢ having the minimum
thickness t1, and the relative reflection phase of the elec-
tromagnetic waves in the maximum thickness cell region 111
having the maximum thickness t6, is preferably less than
360°. For example, in FIG. 1C, in one unit structure 10 of the
dielectric layer 5, the relative reflection phase of the elec-
tromagnetic wave in the minimum thickness cell region 11a
having the minimum thickness t1 is 0°, the relative reflection
phase of the electromagnetic wave in the maximum thick-
ness cell region 11f having the maximum thickness t6 is
-300°, and the absolute value of the difference between the
relative reflection phase of the electromagnetic wave in the
minimum thickness cell region 11¢ having the minimum
thickness t1 and the relative reflection phase of the electro-
magnetic wave in the maximum thickness cell region 11f
having the maximum thickness t6 is 300°.

[0091] The size of the unit structure of the dielectric layer,
specifically the length of the unit structure in a predeter-
mined direction in which the thickness increases, is appro-
priately set according to the target reflection properties. The
length of the unit structure in a predetermined direction in
which the thickness increases allows the reflection angle to
be adjusted because the one wavelength or phase will be
shifted by 360°. For example, by shortening the length of the
unit structure in a predetermined direction in which the
thickness increases, the difference in reflection angle with
respect to the regular reflection angle can be increased. On
the other hand, by increasing the length of the unit structure
in a predetermined direction in which the thickness
increases, the difference in the reflection angle with respect
to the regular reflection angle can be reduced.

[0092] Also, the cross-sectional shape of the unit structure
of the dielectric layer may be, for example, a stepped shape
in which the thickness stepwisely increases in a predeter-
mined direction, or a tapered shape in which the thickness
gradually increases in a predetermined direction. For
example, FIG. 1B is an example in which the unit structure
10 of the dielectric layer 5 has a stepped shape, and FIG. 5
is an example in which the unit structure 10 of the dielectric
layer 5 has a tapered shape.

[0093] The unit structure of the dielectric layer includes a
plurality of cell regions having different thicknesses, but if
the cross-sectional shape of the unit structure of the dielec-
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tric layer has a tapered shape, the number of cell regions in
the unit structure can be considered to be infinite. In this
case, the thickness distribution of the unit structure is
designed so that the relative reflection phase of the electro-
magnetic wave in each cell region is set as described above.

[0094] Further, since the dielectric layer includes a plu-
rality of unit structures including a thickness distribution,
the pattern shape in a planar view of the unit structure may
be a shape that can be arranged without a gap, and examples
of the shape may include a rectangular shape, a regular
hexagon shape. For example, FIGS. 3A to 3F and 4A are
examples in which the pattern shape in the planar view of the
unit structure 10 of the dielectric layer is rectangular.

[0095] In the unit structure of the dielectric layer, the
difference in the round-trip optical path lengths in neigh-
boring cell regions is designed such that the relative reflec-
tion phase of the electromagnetic waves in each cell region
is set as described above. The thickness of each cell region
is set such that the difference in thickness of neighboring cell
regions is the difference in the round-trip optical path lengths
in the neighboring cell regions described above. The thick-
ness of each cell region is appropriately set according to the
wavelength of the electromagnetic wave, the dielectric con-
stant of the material of the dielectric layer, and the intended
reflection properties. For example, if the effective wave-
length of the electromagnetic wave passing through the
dielectric layer is A, and the thickness of the base is o, the
thickness of each cell region is preferably about a+0A, or
more and o+2A., or less. The thickness o of the base may be
the same as the minimum thickness of the minimum thick-
ness cell region having the minimum thickness in one unit
structure of the dielectric layer. Although the thickness a of
the base is appropriately set in consideration of the overall
strength, ease of formation, etc., it is preferable that the
thickness a of the base is typically about 0.1A, or less, in
view of the influence to the electromagnetic waves. Specifi-
cally, when the wavelength A, in the air of the electromag-
netic wave is 10 mm and the dielectric constant of the
dielectric layer is 2.57, the thickness of each cell region is
preferably 0 mm or more and 8.6 mm or less. When the
thickness of the cell region is 0 mm, it means that the cell
region located on the reflecting member is not formed with
a dielectric layer.

[0096] Further, in the unit structure of the dielectric layer,
the difference between the minimum thickness and the
maximum thickness is, for example, preferably 0.2 mm or
more and 15 mm or less, and more preferably 2.1 mm or
more and 10.4 mm or less.

[0097] Here, the effective wavelength A, of the electro-
magnetic wave propagating in the dielectric layer is repre-
sented by kg:ko/\/ e, where A, is the wavelength in the free
space corresponding to the frequency f of the particular
electromagnetic wave and c is the relative dielectric constant
of the dielectric layer. Thus, as described above, if the
thickness of each cell region is, for example, about c.+0A,, or
more and o+2A, or less, when the dielectric constant of the
dielectric layer is low, the thickness of each cell region
becomes thicker, and when the dielectric constant of the
dielectric layer is high, the thickness of each cell region
becomes thinner. Thus, when the dielectric constant of the
dielectric layer is low, the difference between the minimum
thickness and the maximum thickness tends to increase, and
if the dielectric constant of the dielectric layer is high, the
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difference between the minimum thickness and the maxi-
mum thickness tends to decrease.

[0098] If the difference between the minimum thickness
and the maximum thickness is too large, the overall thick-
ness of the frequency selective reflector may be increased,
resulting in constraints on the installation, which can lead to
poor handling. There is also a risk of increasing manufac-
turing costs. On the other hand, to reduce the difference
between the minimum thickness and the maximum thick-
ness, it is necessary to increase the dielectric constant of the
dielectric layer, as described above. However, there is a
tendency the higher the dielectric constant of the dielectric
layer, the greater the dielectric loss and the greater the
reflection at the dielectric interface. As a result, reflection to
the designed direction is reduced. Thus, if the difference
between the minimum thickness and the maximum thick-
ness is too small, there is a risk that losses including
dielectric loss and interfacial reflections may be increased.
[0099] Note that the minimum thickness and maximum
thickness in the unit structure of the dielectric layer refer to
the minimum thickness and maximum thickness throughout
one unit structure of the dielectric layer. For example, as
shown in FIG. 1B, if the unit structure 10 of the dielectric
layer 5 includes six cell regions 11a to 11f, the minimum
thickness is t1 and the maximum thickness is t6. Also, for
example, as shown in FIG. 5, when the unit structure 10 of
the dielectric layer 5 has a tapered shape, the minimum
thickness is to and the maximum thickness is tb.

[0100] The difference between the minimum thickness
and the maximum thickness in the unit structure of the
dielectric layer is, for example, a value measured using a
thickness measurement technique having a thickness reso-
Iution of about 1 um. Also, for example, as the difference
between the minimum thickness and the maximum thick-
ness, a value measured by observing the cross-section in the
thickness direction of the unit structure of the dielectric layer
with an optical microscope may be used.

[0101] In the unit structure of the dielectric layer, the pitch
and width of the cell region are appropriately set.

[0102] Also, when the reflecting member is a member in
which a plurality of reflective elements is arranged, the pitch
of the cell region of the unit structure of the dielectric layer
may be the same as or different from the pitch of the
reflective element of the reflecting member. If the pitch of
the cell region of the unit structure of the dielectric layer is
the same as the pitch of the reflective element of the
reflecting member, the designing is easy. Also, for example,
by narrowing the pitch of the cell region of the unit structure
of the dielectric layer while keeping the difference in the
relative reflection phase of the electromagnetic wave in the
neighboring cell regions, the control region of the reflection
properties can be widened regardless of the pitch of the
reflective element of the reflecting member.

[0103] Also, in one unit structure of the dielectric layer,
the pitch of the cell regions is preferably equal.

[0104] The pitch of the cell region refers to the distance
from the center of one cell region to the center of the
neighboring cell region.

[0105] Also, in one unit structure of the dielectric layer,
the width of the cell regions in a predetermined direction in
which the thickness increases, is preferably equal.

[0106] In the unit structure of the dielectric layer, the
pattern shape of the cell region in plan view includes, for
example, a stripe shape, one shape of the concentric square
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divided into four equal parts by straight lines perpendicular
to each other and parallel to the sides, a microarray shape,
a concentric quadrant, which is one shape of a concentric
circle divided into four equal parts by diameter perpendicu-
lar to each other, a curved stepped shape, or the like. FIG. 3B
is an example of the stripe shape. FIG. 3D is an example of
one shape of the concentric square divided into four equal
parts by straight lines perpendicular to each other and
parallel to the sides. FIG. 3F and FIG. 4A are examples of
the microarray shape. FIG. 4B is an example of the con-
centric quadrant. FIG. 4C is an example of the curved
stepped shape. FIG. 3B is a top view of FIG. 3A. FIG. 3D
is a top view of FIG. 3C. FIG. 3F is a top view of FIG. 3E.
Further, when these illustrated unit structures are arranged
without gaps, there is no particular restriction in the direc-
tion of the arrangement; for example, a rectangular unit
structure may be arranged on the entire surface in a state of
being rotated clockwise by 30 degrees in a plan view, and the
unit structure may be selected and arranged at an appropriate
angle and an appropriate arrangement direction according to
the required reflection properties” design.

[0107] The unit structure of the dielectric layer includes a
plurality of cell regions. In one unit structure of the dielectric
layer, the number of cell regions is, for example, 3 or more
and may be 6 or more. The greater the number of cell regions
in one unit structure of the dielectric layer, the smaller the
difference in the relative reflection phase of the electromag-
netic waves in neighboring cell regions, and the wavefront
of'the reflected waves can be smoothed. Also, the upper limit
is not particularly limited for the number of cell regions in
one unit structure of the dielectric layer. When the cross-
sectional shape of the unit structure is stepped shape, the
number of cell regions corresponds to the number of steps in
the stepped shape. Also, when the cross-sectional shape of
the unit structure is tapered shape, the tapered shape can be
regarded as having an infinite number of cell regions, as
described above.

[0108] The dielectric layer includes, as the unit structure,
at least a first unit structure including three or more cell
regions of which thickness differs from one another.
[0109] Also, the dielectric layer may include only the first
unit structure as the unit structure, and may further include
a second unit structure different from the first unit structure.
In other words, the dielectric layer may include only the
same unit structure as the unit structure and may include
different unit structures. If the dielectric layer is one in which
a plurality of different unit structures is arranged, the total
reflection properties of the frequency selective reflector can
be influenced. Specifically, the adjustment of polarization
characteristics, the effect on the beam profile, and the like
are to be influenced. The influence on the beam profile refers
to, for example, to be a highly directional beam, a diffusive
beam, and a multi-beam, etc.

[0110] The first unit structure and the second unit structure
may have different reflection properties from each other. For
example, at least one of the length of the unit structure in the
direction in which the thickness increases, the thickness
distribution, the number of cell regions, the width of the cell
region, the pitch of the cell region, the pattern shape in the
plan view of the unit structure, and the pattern shape in the
plan view of the cell region may be different.

[0111] Also, when the dielectric layer includes unit struc-
tures different from each other as the unit structure, the
number of types of unit structures is not particularly limited.
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[0112] In the dielectric layer, the thickness distribution of
the dielectric layer is appropriately selected so that the
normal vector of the same phase surface of the reflected
wave with respect to the incident wave incident at a prede-
termined incident angle is in a desired reflection direction,
and the plurality of unit structures is arranged. For example,
when the incident wave is reflected as a so-called plane wave
which reflects the incident wave to a single direction, it is
preferable that the dielectric layer includes a plurality of
only the same unit structure arranged therein, the length of
the unit structure in the direction in which the thickness
increases is the same, and the pattern shape in the planar
view of the cell region is more preferably striped. For
example, in FIGS. 1A to 1C, the dielectric layer 5 includes
a plurality of only the same unit structure, the length L. of the
unit structures 10a and 105 in the predetermined direction
D1 is the same, and the pattern shape of the cell regions 11a
to 11f'in plan view is striped. In this case, as exemplified in
FIG. 2, the incident wave W1 incident at a predetermined
incident angle 61 can be reflected at a single reflection angle
02, and the reflected wave W2 can be a plane wave that does
not spread. Also, although FIG. 1A shows an arrangement in
which the longitudinal direction of the stripes of the cell
region is parallel to the shorter direction of the wavelength
selective reflector, but the arrangement is not limited thereto
in an actual wavelength selective reflector, and the longitu-
dinal and shorter directions of the stripes of the cell region
can be arbitrarily set according to the design of the reflection
properties.

[0113] Also, for example, when spreading the electromag-
netic waves, that is when reflected as a cylindrical wave,
examples of the aspect of the dielectric layer is preferably
the one that includes a plurality of mutually different unit
structures arranged therein, the length of the unit structure in
the direction in which the thickness increases is different,
and the pattern shape in the planar view of the cell region is
striped. For example, in FIG. 6A, the diclectric layer 5
includes three types of unit structures 10a, 105, 10¢, and 104
different from each other. In the unit structures 10a, 105, 10¢
and 10d, the length L1, L2, and L3 of the unit structure in
the predetermined direction D1 are different from each
other, and the number of cell regions 11a to 11g, 124 to 12f,
and 13a to 13e are different from each other. Thus, as shown
in FIG. 6B, the relative reflection phases of the electromag-
netic waves in each cell region 11a to 11g of the unit
structure 10a are 0°, -51.4°, -103°, -154°, -206°, -257°,
-309°, respectively; the relative reflection phases of the
electromagnetic waves in each cell regions 12a to 12f of the
unit structures 105 and 10c¢ are 0°, -60°, -120°, -180°,
-240°, =300°, respectively; the relative reflection phases of
the electromagnetic waves in each cell regions 13a to 13e of
the unit structure 104 are 0°, -72°, -144°, -216°, -288°,
respectively; and the unit structures 10a, 105, 10¢ and 104
have different reflection properties. Also, although not illus-
trated, the pattern shapes in the planner view of the cell
regions 11a to 11g, 12a to 12f; and 13a to 13e are striped.
In this case, as exemplified in FIG. 7, the incident wave W1
incident at a predetermined incident angle 61 can be
reflected at the reflection angles 62, 62', and 62" depending
on the unit structures, can be reflected with a spread, and the
wavefront of the reflected wave W2 can be widened.

[0114] Further, when the dielectric layer includes unit
structures different from each other as the unit structure, a
plurality of types of unit structures having mutually different
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reflection properties may be used, a plurality of unit struc-
tures may be arranged for each type, and a region in which
the plurality of unit structures of the same type is arranged
may be arranged in a plane. For example, in FIG. 8, two
types of unit structures 10a and 105 including different
reflection properties are used to form a dielectric layer 5, in
which a first region 5a where a plurality of unit structures
10a of one type is arranged and a second region 56 where a
plurality of unit structures 105 of the other type is arranged,
are arranged in a plane. In such an aspect, a plurality of
coverage holes may be associated.

[0115] Further, for example, when the reflecting member
described below is a frequency selective plate and includes
a plurality of kinds of frequency selective surfaces for
selectively reflecting electromagnetic waves in mutually
different frequency bands, the reflection properties of the
unit structures may be respectively designed according to
the frequency selectivity of the frequency selective surfaces,
and the dielectric layer may include unit structures including
different reflection properties as the unit structure. In this
case also, for example, it can be arranged as shown in FIG.
8. In such an aspect, the dual band or more of the bands can
be corresponded.

[0116] Also, when the dielectric layer includes unit struc-
tures different from each other as the unit structure, for
example, the relative reflection phase of the electromagnetic
waves in each cell region of n pieces of unit structures may
be set so as to be shifted by n wavelengths by the n pieces
of unit structures. In this case, the phase difference is
n*360°. Note that n is an integer greater than or equal to 2.
For example, FIGS. 9A to 9C are examples in which the
dielectric layer 5 includes two types of unit structures 10a
and 105 different from each other, and the relative reflection
phases of the electromagnetic waves in the cell regions 11a
to 11¢, 12a to 125 of the two unit structures 10a and 105 are
set so as to be shifted by two wavelengths by the two unit
structures 10a and 105. In this case, the phase difference is
720°. FIG. 9B is a graph in which the range of the relative
reflection phase of the electromagnetic wave is denoted as
over —360° and 0° or less, and FIG. 9C is a graph in which
the range of the relative reflection phase of the electromag-
netic wave is over —=720° and 0° or less, and a point that the
substantially the same phase of the relative reflection phase
shifted by 360° is complimented. In these unit structures 10a
and 104, the length .1 and .2 of the unit structure in a
predetermined direction D1 are different from each other,
and the number of cell regions 11a to 11¢, 12a to 125 are
different from each other.

[0117] In the above case, one unit structure 10a includes
three cell regions 11a to 11c, while the other unit structure
105 includes two cell regions 12a and 124. In this manner,
when the dielectric layer includes unit structures different
from each other as the unit structure, at least one unit
structure may include three or more cell regions including
different thicknesses, and in other types of unit structures,
the number of cell regions may not be three or more, but may
be two.

[0118] When the incident wave and the reflected wave are
plane waves, the dielectric layer includes a periodic structure
in which the unit structure is repeatedly arranged. The term
“periodic structure” refers to a structure in which a unit
structure is periodically repeatedly arranged. In the unit
structure in the periodic structure, in the unit structure
having the same reflection properties, the length of the unit
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structure in the direction in which the thickness increases,
the thickness distribution, the number of cell regions, the
width of cell region, the pitch of cell region, the pattern
shape in the plan view of the unit structure, the pattern shape
in the plan view of the cell region, and the like can be made
the same. Also, in the case where the dielectric layer has a
periodic structure, the unit structures including different
reflection properties can be combined as described above. In
that case, the reflection properties of the unit structure to be
combined are appropriately designed according to the target
reflection properties, and specifically, the length of the unit
structure in a direction in which the thickness increases,
thickness distribution, the number of cell regions, the width
of cell region, the pitch of cell region, the pattern shape of
the unit structure in plan view, the pattern shape of the cell
region in plan view, etc. in the unit structure to be combined
are appropriately set according to the target reflection prop-
erties.

[0119] In general, a reflective characteristic design in
which a plane wave is reflected as a plane wave to a direction
different from the regular reflection direction, for example,
can be designed by, after resolving into incident and reflec-
tion properties as the in-plane x-direction and in-plane
y-direction of the reflective plate, converting them to a
reflective phase distribution in the x-direction and the y-di-
rection, and incorporating them as the thickness distribution
of the unit structure. For example, as shown in FIG. 10, a
part of the frequency selective reflector in which a cell
region of the same size capable of individually adjusting a
reflection phase is arranged to 10*10 (i=10, j=10), is
described as an example. It should be noted that at this time,
the magnitude of 10*10 of the cell region is not necessarily
the size of the unit structure. The reflection phase 9,
determined in the cell region of the (i,j) position when the
plane wave incident from the direction of the incident angle
(0,,,, 95, 1s reflected by the plane wave in the direction of the
reflection angle (0,,,, ¢,,,) is given by following equation.

our’
d; 2m{p*i*(sin 0,,,*cos @,,~sin 0,,*cos @, )+p**
(sin 0,/ *sin @,,~sin 6,,*sin ;) }/A
Here, in the above equation, symbols indicated are:
[0120] §, ;: the reflection phase of the cell region in the
(i,)) position with respect to phase center (0, 0)

[0121] A: wavelength [m] of the reflected wave
[0122] p: size of the cell region [m]
[0123] ©,,: O slope of incident wave
[0124] ¢, ¢ slope of incident wave

[0125] 6, O slope of reflected wave

[0126] ¢, ¢ slope of reflected wave.
[0127] The dielectric layer may be, for example, a single
layer or multiple layers. The dielectric layer may also
include a substrate portion that can be a base and a concave
and convex portion disposed on the substrate portion. Also,
for example, the dielectric layer may be a single member in
which all cell regions are integrally formed, and may be one
in which the individual cell regions are formed separately,
and the block-like cell regions are arranged.
[0128] (2) Properties of the Dielectric Layer
[0129] The dielectric layer transmits electromagnetic
waves in a particular frequency band and may or may not
transmit electromagnetic waves in other frequency bands.
[0130] The dielectric loss tangent of the dielectric layer is
preferably relatively small. The low dielectric loss tangent of
the dielectric layer can reduce dielectric loss and reduce high
frequency losses. Specifically, the dielectric loss tangent of
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the dielectric layer with respect to the electromagnetic wave
of the target frequency is preferably 0.01 or less. Also, the
dielectric loss tangent of the dielectric layer is the smaller
the more preferable, and the lower limit value is not par-
ticularly limited.

[0131] Also, the dielectric constant of the dielectric layer
is preferably relatively high. With the high dielectric con-
stant of the dielectric layer, the effect of reducing the
thickness of the dielectric layer can be expected. Specifi-
cally, the dielectric constant of the dielectric layer in the
electromagnetic wave of the target frequency is preferably 2
or more, more preferably 2.5 or more, and further more
preferably 3 or more when the difference in the reflection
angle with respect to the regular reflection angle is
increased.

[0132] Here, the dielectric loss tangent and the dielectric
constant of the dielectric layer can be measured by a
resonator method.

[0133] (3) Material of Dielectric Layer

[0134] The material of the dielectric layer is not particu-
larly limited if it is a dielectric capable of transmitting a
predetermined electromagnetic wave, and for example, a
resin, glass, quartz, ceramics, or the like can be used. In view
of the ease of forming the concave and convex structure, the
resin is suitable among them.

[0135] Although the resin is not particularly limited if it is
capable of transmitting a predetermined electromagnetic
wave, it is preferably the one that absorption of the electro-
magnetic wave is relatively low and the transmittance of the
electromagnetic wave is relatively high. Also, the resin
preferably satisfies the aforementioned dielectric loss tan-
gent, and more preferably satisfies the aforementioned
dielectric constant. Such resins may include, for example,
polycarbonates, acrylic resins, ABS resins, PLA resins,
olefinic resins, copolymers thereof, and the like. In particu-
lar, the polycarbonate is suitable since it is excellent in
dimensional stability and low in high frequency loss.
[0136] Also, the dielectric layer may further contain a
filler. The dielectric layer may contain a filler to adjust the
dielectric constant and mechanical strength of the dielectric
layer. The dielectric constant of the filler is preferably higher
than the dielectric constant of the resin. This can increase the
dielectric constant of the dielectric layer and reduce the
thickness of the required dielectric layer. The high dielectric
constant filler is not particularly limited, and examples
thereof may include inorganic particles such as glass, silica,
barium titanate; and fine fibers.

[0137] The filler material, shape, size, and content may be
appropriately chosen from the desired dielectric constant,
mechanical strength, and difficulty of dispersibility, etc. The
size of the filler needs to be sufficiently smaller than the
wavelength of the electromagnetic wave of interest, and if
the effective wavelength of the electromagnetic wave is A,
the diameter of the filler sphere is preferably 0.01A, or less.
However, it tends to be difficult to uniformly disperse as the
size of the filler approaches the nanometer order, the load of
the processing process may increase. In addition, the content
of the filler in the dielectric layer varies depending on the
combination of the material of the dielectric and the filler,
the shape of the filler, the size of the filler, and the like, and
is appropriately adjusted.

[0138] When the concave and convex structure of the
dielectric layer is formed by molding or the like using a
mold, for example, a release agent, an antistatic agent, or the

May 2, 2024

like may be added to the dielectric layer. These can be used
as appropriately selected from those generally used. In
addition, it is preferable that the dielectric layer does not
contain additives or fillers such as carbon black and metal
particles that impart electrical conductivity.

[0139] (4) Method for Forming Dielectric Layer

[0140] The method for forming the dielectric layer is not
particularly limited if a predetermined concave and convex
structure can be formed, and examples thereof may include
cutting a resin sheet, laser processing, using a mold and
vacuum casting, a 3D printer, and joining small piece parts.
In the case of a forming method that does not use a mold,
such as cutting, laser processing, and 3D printers, since
customization according to the target reflection angle is easy,
In the case of using a mold, it may be shaped on a substrate
made of a dielectric, where the substrate and the shaped
resin in this case may be materials that are different from
each other if they are materials that transmit a predetermined
electromagnetic wave. Also, for example, in the case of
designing and manufacturing the reflecting member and the
dielectric layer separately, by preparing a plurality of types
of dielectric layers having reflection properties to have a
predetermined incident angle and reflection angle in
advance, selecting the type of the dielectric layer according
to the situation, and rotating the dielectric layer in the plane
with the normal direction as an axis with respect to the
reflecting member, when a fine adjustment of the reflection
direction of the electromagnetic wave is performed, the
dielectric layer of the same specification can be made more
cost effectively, and in that case, the method of using a mold
is suitable.

[0141] 2. Reflecting Member

[0142] The reflecting member in the present embodiment
is a member that reflects electromagnetic waves in a par-
ticular frequency band.

[0143] The reflecting member is not particularly limited if
it reflects electromagnetic waves in a particular frequency
band, and for example, it may reflect only electromagnetic
waves in a particular frequency band, or it may reflect not
only electromagnetic waves in a particular frequency band
but also electromagnetic waves in other frequency bands. In
particular, the reflecting member preferably includes a
wavelength selecting function that reflects only electromag-
netic waves in a particular frequency band.

[0144] The reflecting member that reflects electromag-
netic waves in a particular frequency band as well as other
frequency bands may include, for example, a reflective layer
disposed on the entire surface of the frequency selective
reflector. For example, FIG. 11 is an example in which the
reflecting member 2 is a reflective layer 7. In FIG. 11, the
reflective layer 7 is disposed on the entire surface of the
frequency selective reflector 1.

[0145] The material of the reflective layer is not particu-
larly limited if it is a material capable of reflecting electro-
magnetic waves in a particular frequency band, and
examples thereof may include a conductive material such as
a metal material, carbon, and 1TO.

[0146] The thickness of the reflective layer is not particu-
larly limited if a thickness is capable of reflecting electro-
magnetic waves in a particular frequency band, and it is
appropriately set.

[0147] In addition, the reflecting member that reflects only
a particular frequency band may be the one that includes a
wavelength selecting function that reflects only electromag-
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netic waves in a particular frequency band. The reflecting
member may be a frequency selective plate.

[0148] The frequency selective plate includes a frequency
selective surface that controls reflection and transmission to
electromagnetic waves in a particular frequency band. The
frequency selective surface is also referred to as an FSS or
Frequency Selective Surface. When functioning as a reflec-
tor to electromagnetic waves in a particular frequency band,
the frequency selective plate may include a plurality of
reflective or scattering elements arranged in a plane. The
frequency selective plate may include, for example, a dielec-
tric substrate and a plurality of reflective elements arranged
on a dielectric layer-side surface of the dielectric substrate.
FIG. 1B is an example in which the reflecting member 2 is
a frequency selective plate, and the reflecting member 2
includes a dielectric substrate 4 and a plurality of reflective
elements 3 arranged on a surface of the dielectric substrate
4 that is the dielectric layer 5 side. The frequency selective
plate may be appropriately selected from conventionally
known frequency selective plates.

[0149] Examples of the shape of the reflective element
forming the frequency selective surface may include any
shapes. The shape of the reflective element forming the
frequency selective surface may be a planar pattern shape.
The planar pattern shape may be, for example, a ring shape,
a cross shape, a square shape, a rectangular shape, a circular
shape, an elliptical shape, a rod shape, a pattern shape
divided into a plurality of adjacent regions, or the like. The
shape of the reflective element forming the frequency selec-
tive surface may also be a three-dimensional shape. The
three-dimensional shape may be a through-hole via or the
like.

[0150] The reflective element may be, for example, a
single layer or multiple layers. If the reflective element is a
single layer, the frequency selective plate may be, for
example, the one in which a plurality of reflective elements
is arranged on one side of the dielectric substrate. When the
reflective element is multiple layers, for example, the fre-
quency selective plate may be one in which a plurality of
reflective elements is arranged on both surfaces of the
dielectric substrate, one in which a dielectric substrate, a
plurality of reflective elements, a dielectric substrate, and a
plurality of reflective elements are arranged in the order, and
one in which a conductor is disposed on entire surface of the
surface farthest from the surface of the incident side of the
electromagnetic wave, or the like.

[0151] The frequency reflective plate, that is, the reflecting
member preferably includes a reflection phase control func-
tion controlling a reflection phase of the electromagnetic
waves. The reflecting member may include reflective ele-
ments of which one or both of the sizes and shapes are
varied. The variation in the sizes of the reflective element
may be gradually reduced or expanded. By varying the size
and shape of the reflective element, the resonant frequency
can be varied per reflective element, and the reflection phase
of the electromagnetic wave can be controlled. Therefore,
when the frequency selective plate has a reflection phase
control function, the reflection properties of the electromag-
netic wave can be controlled by controlling the reflection
phase distribution of the electromagnetic wave by the thick-
ness of the dielectric layer and the size and shape of the
reflective element. Thus, for example, the reflection prop-
erties in two orthogonal directions in the plane of the
frequency selective reflector can be individually designed
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with the frequency selective plate and the dielectric layer,
and the reflection properties of the desired electromagnetic
wave can be obtained while suppressing the thickness of the
dielectric layer. The two orthogonal directions may be, for
example, an x-axis direction and a y-axis direction.

[0152] General frequency selective surfaces may be
applied as a frequency selective plate having a reflection
phase control function. Although these have advantages and
disadvantages in the design, it is possible to vary the
reflection phase of the electromagnetic wave by varying the
size and shape of the reflective element.

[0153] The different sizes of the reflective element are
appropriately selected depending on the shape of the reflec-
tive element.

[0154] 3. Control of Reflection Direction of Electromag-
netic Waves
[0155] In the frequency selective reflector of the present

embodiment, by varying the thickness of each cell region of
the unit structure of the dielectric layer, the reciprocal optical
path length in the dielectric layer can be varied per cell
region, and the relative reflection phase of the electromag-
netic wave can be controlled. Thereby, by adjusting the size
and the plan view pattern of the unit structure of the
dielectric layer as well as the number and thickness of the
cell regions of the unit structure of the dielectric layer, the
reflection direction of the electromagnetic wave incident
from the predetermined direction can be controlled.

[0156] In addition, when the reflecting member is a fre-
quency selective plate and is a member having a reflection
phase control function, by varying the thickness of each cell
region of the unit structure of the dielectric layer, the
round-trip optical path length in the dielectric layer can be
varied per cell region, and also, by varying the size and
shape of the reflective element of the reflecting member, the
resonance frequency per reflective element can be varied to
control the reflection phase of the electromagnetic wave;
thereby, the degree of freedom of design related to the
reflection characteristic control can be increased.

[0157] In this case, it is also possible to divide the reflec-
tion control direction in the reflecting member and the
reflection control direction in the dielectric layer, and per-
form two-dimensional reflection direction control in the
entire frequency selective reflector. Also, when the reflection
control directions in the reflecting member and the dielectric
layer are overlapped, for example, a reflection phase distri-
bution to be reflected in a certain direction to some degree
can be achieved by the reflecting member, and further fine
adjustment can be performed in the dielectric layer. In this
case, there is an advantage that the thickness of the dielectric
layer can be reduced.

[0158] As the arrangement of the thickness distribution of
the dielectric layer and the size distribution of the reflective
element of the reflecting member, for example, as shown in
FIG. 12, the dielectric layer 5 and the reflecting member 2
can be arranged so that the thickness of the cell regions 11a
to 11f of the unit structure 10 of the dielectric layer 5
becomes thicker as the size of the reflective element 3 of the
reflecting member 2 increases. In such an aspect, the thick-
ness of the dielectric layer can be reduced. This makes it
possible to reduce the weight and cost of the frequency
selective reflector because the dielectric layer is thin, and to
make the reflected wave less likely to hit the dielectric layer
even when the reflection angle increases.
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[0159] As an arrangement of the thickness distribution of
the dielectric layer and the size distribution of the reflective
element of the reflecting member, for example, as shown in
FIG. 13, the dielectric layer 5 and the reflecting member 2
may be arranged such that the size of the reflective element
3 of' the reflecting member 2 is increased along the direction
D2, and the thickness of the cell regions 11a to 11fof the unit
structure 10 of the dielectric layer 5 becomes thicker along
a direction D1 perpendicular to the direction D2.

[0160] Incidentally, in FIG. 13, since the sizes of the
reflective element are different in one cell region, the relative
reflection phase of the electromagnetic wave in one cell
region is partially different according to the sizes of the
reflective element. Even in such a case, when cut out in a
predetermined direction D1 in which the thickness
increases, each point is on the same straight line in the graph
described above.

[0161] Also, in the case of a specification in which the
reflecting member and the dielectric layer are separately
designed and combined, the reflection direction of the elec-
tromagnetic wave can be finely adjusted by rotating the
dielectric layer in the plane with the normal direction as an
axis with respect to the reflecting member to adjust the
orientation of the cell region of the unit structure of the
dielectric layer relative to the reflecting member.

[0162] Also, as described above, in the unit structure of
the dielectric layer, the reflection properties can be con-
trolled by adjusting the length of the unit structure in a
predetermined direction in which the thickness increases.
For example, by shortening the length of the unit structure
in a predetermined direction in which the thickness
increases, the reflection angle of the electromagnetic wave
can be increased, while the reflection angle of the electro-
magnetic wave can be reduced by increasing the length of
the unit structure in a predetermined direction in which the
thickness increases.

[0163] The length of the unit structure in a predetermined
direction in which the thickness increases in the unit struc-
ture of the dielectric layer refers to the length of the unit
structure in the predetermined direction when the unit struc-
ture of the dielectric layer includes a thickness distribution
in which the thickness increases in the predetermined direc-
tion. For example, in FIG. 11, in the unit structure 10 of the
dielectric layer 5, the thickness increases in a predetermined
direction D1, and the length of the unit structure 10 in this
predetermined direction D1 is L.

[0164] Incidentally, as described above, the in-plane
arrangement of the concave and convex structure of the
dielectric layer that achieves the in-plane distribution design
of the reflection phase in the frequency selective reflector
does not need to be in a fixed positional relationship with
respect to the in-plane arrangement of the reflective element
of the reflecting member, and even if the concave and
convex structure of the dielectric layer is shifted and
arranged relative to the in-plane arrangement of the reflec-
tive element, there is no significant effect on the reflection
properties. Thus, when the reflecting member is a frequency
selective plate and is a member having a reflection phase
control function, it is possible to independently design the
dielectric layer and the reflecting member, respectively.
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[0165] 4. Other Configurations

[0166] The frequency selective reflector of the present
embodiment may include other configurations as required in
addition to the reflecting member and the dielectric layer
described above.

[0167] (1) Adhesive Layer

[0168] The frequency selective reflector of the present
disclosure may include an adhesive layer between the
reflecting member and the dielectric layer. The adhesive
layer may bond the reflecting member and the dielectric
layer. Further, when the reflecting member is a member in
which a plurality of reflective elements arranged, the adhe-
sive layer may flatten the unevenness of the reflective
element, and may suppress the influence of unevenness
caused by the reflective element when the dielectric layer is
laminated on the reflecting member. For example, in FIG.
1B, an adhesive layer 6 is disposed between the reflecting
member 2 and the dielectric layer 5.

[0169] The adhesive layer may be, for example, an adhe-
sive agent or a pressure-sensitive adhesive agent, and may
be appropriately selected from known adhesive agents and
pressure-sensitive adhesive agents. In that case, the adhesive
agent or the pressure-sensitive adhesive agent needs to be a
non-conductor. In addition, when the adhesive agent or the
pressure-sensitive adhesive agent is in a liquid state, it is
preferable that the one can be uniformly spread and have a
fluidity to the extent capable of removing the biting of
bubbles. In addition, when the adhesive agent or the pres-
sure-sensitive adhesive agent is in the form of a sheet, the
thickness is preferably uniform, and it is preferable to have
flexibility to the extent capable of following the unevenness
of the bonding interface and suppressing the biting of
bubbles.

[0170] The thickness of the adhesive layer is preferably
uniform and in thickness to provide the desired adhesive
force. Also, when the reflecting member is a member in
which a plurality of reflective elements arranged, the thick-
ness of the adhesive layer is preferably equal to or greater
than the thickness of the reflective element from the point of
planarization. In this case, when the adhesive layer is thicker
than the thickness of the reflective element, the reflective
element is embedded in the adhesive layer. Preferably, the
thickness of the adhesive layer is sufficiently smaller than
the effective wavelength of the target electromagnetic wave,
and when the effective wavelength of the electromagnetic
wave is A, specifically, it is preferably 0.01A, or less.
[0171] (2) Space

[0172] The frequency selective reflector of the present
disclosure may include a space between the reflecting mem-
ber and the dielectric layer. For example, in FIG. 14, a space
8 is arranged between the reflecting member 2 and the
dielectric layer 5.

[0173] When a space is arranged between the reflecting
member and the dielectric layer, the distance between the
reflecting member and the dielectric layer is preferably
constant. This makes it possible to align the optical path
lengths in the space.

[0174] (3) Cover Member

[0175] The frequency selective reflector of the present
disclosure may include a cover member on a surface of the
dielectric layer that is opposite to the reflecting member. The
cover member can protect the dielectric layer. Design can
also be imparted by the cover member.
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[0176] (4) Ground Layer

[0177] The frequency selective reflector of the present
disclosure may include a ground layer on a surface of the
reflecting member that is opposite to the dielectric layer. The
ground layer can block interference with objects present on
the backside of the frequency selective reflector and sup-
press the occurrence of noise. The ground layer may also be
a part of the reflecting member that does not have wave-
length selectivity. The ground layer may be the one that is
conductive, and for example, a common conductive layer
such as a metal plate, a metal layer, a metal mesh, carbon,
an ITO film, or the like can be used.

[0178] (5) Planarizing Layer

[0179] The frequency selective reflector of the present
disclosure may include a planarizing layer between the
reflecting member and the dielectric layer. When the reflect-
ing member is a member in which a plurality of reflective
elements arranged, the planarizing layer can flatten the
unevenness of the reflective elements, and can suppress the
influence of the unevenness due to the reflective elements
when the dielectric layer is laminated on the reflecting
member. It should be noted that the planarizing layer
referred to herein is the one disposed separately from the
adhesive layer, and example thereof may be an ionizing
radiation cured resin layer disposed in the state of embed-
ding the reflective element. Further, when a space is pro-
vided between the reflecting member and the dielectric
layer, the planarizing layer may be provided with a function
of protecting the reflective element.

[0180] (6) Fixing Layer

[0181] When the frequency selective reflector of the pres-
ent disclosure is used by being attached to, for example, a
wall or the like, a fixing layer having a mechanism for
attaching the frequency selective reflector may be disposed
on the reflecting member in an opposite side to the dielectric
layer. In order to inhibit interference among the fixing layer,
the reflecting member and the dielectric layer, a metal layer
may also be disposed between the fixing layer and the
reflecting member, and the fixing layer may also serve as a
metal layer. In addition, when the frequency selective reflec-
tor of the present disclosure is attached to a wall or the like,
the fixing layer may have a mechanism for making the angle
in the normal direction of the frequency selective reflector
variable so that the deviation between the designed incident
direction and the reflection direction of the designed elec-
tromagnetic wave, and the incident direction and the reflec-
tion direction of the actual electromagnetic wave can be
corrected.

[0182] (7) Anti-Reflective Layer

[0183] Because of the impact of reflections at the dielec-
tric layer interface in the case of high frequencies, in the
frequency selective reflector of the present disclosure, an
anti-reflective layer may be disposed in the interface
between the dielectric layer and the air. The anti-reflective
layer may have, for example, a multilayer structure having
a different dielectric constant, and may include a concave
and convex structure smaller than the wavelength of the
electromagnetic wave.

[0184] 5. Other Points of Frequency Selective Reflector
[0185] The frequency selective reflector of the present
disclosure reflects electromagnetic waves in a particular
frequency band of 24 GHz or more to a direction different
from a regular reflection direction. The frequency band of
the electromagnetic waves is not particularly limited if it is
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24 GHz or more, but in particular, it is preferably in the
range of 24 GHz or more and 300 GHz or less. If the
frequency band of the electromagnetic waves is in the above
range, the frequency selective reflector of the present dis-
closure can be utilized for the fifth generation mobile
communication system, so-called 5G.

[0186] The frequency selective reflector of the present
disclosure can be used, for example, as a frequency selective
reflector for communication, and is suitable as a frequency
selective reflector for mobile communication, among others.

II. Second Embodiment of Frequency Selective
Reflector

[0187] The frequency selective reflector of the present
embodiment is a frequency selective reflector reflecting
electromagnetic waves in a particular frequency band of 24
GHz or more to a direction different from a regular reflection
direction, the frequency selective reflector comprising: a
reflecting member reflecting the electromagnetic waves; and
a dielectric layer that: is disposed at an incident side of the
electromagnetic waves with respect to the reflecting mem-
ber; includes a concave and convex structure in which a
plurality of a unit structure including a thickness distribution
of increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves, wherein
the unit structure of the dielectric layer includes a plurality
of cell regions of which thickness differs from one another;
in each of the unit structure of the dielectric layer, in a graph
setting: a horizontal axis as a relative position when a central
position in the predetermined direction of a minimum thick-
ness cell region having a minimum thickness is defined as 0,
and a central position of the predetermined direction of a
maximum thickness cell region having a maximum thick-
ness is defined as 1; and a vertical axis as a thickness ratio
of each cell region with respect to a thickness of the
maximum thickness cell region when a thickness of the
minimum thickness cell region is defined as 0, and a
thickness of the maximum thickness cell region is defined as
1; when a point corresponding to a central position of the
predetermined direction of each cell region and correspond-
ing to a thickness ratio of each cell region with respect to a
thickness of the maximum thickness cell region is plotted to
obtain a regression line of a below formula (1):

y=ax M,

[Tt}

a slope “a” of the regression line is 0.7 or more and 1.2 or
less, a coefficient of determination of the regression line is
0.9 or more; and the dielectric layer includes, as the unit
structure, at least a first unit structure including three or
more of the cell region of which thickness differs from one
another. Similarly to the frequency selective reflector of the
first embodiment, the frequency selective reflector of the
present embodiment controls a reflection direction of the
electromagnetic waves by controlling a relative reflection
phase distribution of the electromagnetic waves by the
thickness distribution of the dielectric layer.

[0188] FIGS. 15A and 15B are schematic plan view and
cross-sectional view showing an example of the frequency
selective reflector of the present embodiment, and FIG. 15B
is a cross-sectional view of A-A line in FIG. 15A. As shown
in FIGS. 15A and 15B, frequency selective reflector 1
includes: reflecting member 2 reflecting particular electro-
magnetic waves; and dielectric layer 5 that: is disposed at an
incident side of the electromagnetic waves with respect to
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the reflecting member 2; includes a concave and convex
structure in which a plurality of unit structure 10 including
a thickness distribution of which thickness t1 to t4 increase
in predetermined direction D1 is arranged; and transmits
particular electromagnetic waves. Also, the frequency selec-
tive reflector 1 may include adhesive layer 6 between the
reflecting member 2 and the dielectric layer 5. The unit
structure 10 of the dielectric layer 5 includes a plurality of
cell regions 11a to 11d of which thickness t1 to t4 differs
from one another. For example, in FIG. 15B, the unit
structure 10 of the dielectric layer 5 has a stepped shape in
which the thickness t1 to t4 increases stepwisely in the
predetermined direction D1, the number of steps of the
stepped shape is 4 stages, and the unit structure 10 of the
dielectric layer 5 includes four cell regions 11a to 11d. In
each cell region 11a to 114 of the unit structure 10 of the
dielectric layer 5, since the thicknesses t1 to t4 are different,
the round-trip optical path length when the electromagnetic
wave is transmitted through the dielectric layer 5, reflected
by the reflection member 2 and is emitted to the incident side
of the electromagnetic wave by being transmitted through
the dielectric layer 5 again, is different, and the difference in
the round-trip optical path length in these dielectric layers,
that is the optical path difference, will produce a relative
reflection phase difference.

[0189] In this manner, in each cell region 11a to 11d of the
unit structure 10 of the dielectric layer 5, the thickness t1 to
t4 vary, thereby the round-trip optical path length in the
dielectric layer 5 varies and the relative reflection phase of
the electromagnetic wave varies; thus, the incident wave W1
of the electromagnetic wave can be reflected to a direction
different from the regular reflection (specular reflection)
direction, as exemplified in FIG. 2. In this case, the incident
angle 01 of the incident wave W1 of the electromagnetic
wave is different from the reflection angle 62 of the reflected
wave W2 of the electromagnetic wave.

[0190] Then, in the unit structure 10 of the dielectric layer
5, in a graph setting: a horizontal axis as a relative position
when a central position P, in the predetermined direction D1
of' a minimum thickness cell region 11¢ having a minimum
thickness t1 is defined as 0, and a central position P, of the
predetermined direction D1 of a maximum thickness cell
region 114 having a maximum thickness t4 is defined as 1;
and a vertical axis as a thickness ratio of t1 to t4 of each cell
region 1la to 114 with respect to a thickness t4 of the
maximum thickness cell region 11d when a thickness t1 of
the minimum thickness cell region 11a is defined as 0, and
the thickness t4 of the maximum thickness cell region 114 is
defined as 1; when a point corresponding to a central
position of the predetermined direction D1 of each cell
region 11a to 114 and corresponding to a thickness ratio of
t1 to t4 of each cell region 11a to 114 with respect to the
thickness t4 of the maximum thickness cell region 114 is
plotted to obtain a regression line of a below formula (1):

y=ax M,

IRt

a slope “a” of the regression line is in a predetermined range,
and a coeflicient of determination R 2 of the regression line
is in a predetermined range.

[0191] FIG. 15C is a graph setting: a horizontal axis as a
relative position when a central position P, in the predeter-
mined direction D1 of the minimum thickness cell region
11a is defined as 0, and a central position P, of the prede-
termined direction D1 of the maximum thickness cell region

May 2, 2024

114 is defined as 1; and a vertical axis as a thickness ratio of
t1 to t4 of each cell region 11a to 114 with respect to the
thickness t4 of the maximum thickness cell region 114 when
the thickness t1 of the minimum thickness cell region 11a is
defined as 0, and the thickness t4 of the maximum thickness
cell region 114 is defined as 1; and it is an example of a
relative position and thickness ratio of each cell region of the
unit structure of the dielectric layer in the frequency selec-
tive reflector shown in FIGS. 15A and 15B.

[0192] Also, when the central position of the minimum
thickness cell region in the predetermined direction is
defined as O and the central position of the maximum
thickness cell region in the predetermined direction is
defined as 1, the relative position is determined by the
followings. Specifically, when the unit structure of the
dielectric layer has N pieces (N=z3) of cell regions, for a n-th
cell region (n=integer of 1 to N) from the cell region having
the thinnest thickness, when the central position P, of the
minimum thickness cell region in the predetermined direc-
tion is defined as O and the central position P, of the
maximum thickness cell region in the predetermined direc-
tion is defined as 1, the central position P_ of the n-th cell
region in the predetermined direction is determined by the
following equation (2):
P =(distance between P, and P, in the predetermined

direction)/(distance between P, and P, in the
predetermined direction) 2).

[0193] For example, in FIGS. 15A and 15B, when the
widths of the cell regions 11a to 11d are equal, the relative
positions of the central positions of the cell regions 11a to
11d of the unit structure 10 of the dielectric layer 5 in the
predetermined direction D1 are respectively 0, 0.33, 0.67,
and 1.

[0194] Also, the thickness ratio of each cell region to the
thickness of the maximum thickness cell region when the
thickness of the minimum thickness cell region is defined as
0 and the thickness of the maximum thickness cell region is
defined as 1 is determined by the followings. Specifically,
when the unit structure of the dielectric layer includes N
pieces (Nz3) of cell regions, for the n-th cell region
(n=integer of 1 to N) from the cell region having the thinnest
thickness, when the thickness T,,,,, of the minimum thick-
ness cell region is defined as 0 and the thickness T, of the
maximum thickness cell region is defined 1, the ratio of the
thickness T,, of the n-th cell region to the thickness T,,,, of
the maximum thickness cell region is determined by the
following equation (3):

Thickness ratio=(7,,~7,,.;)/(Trne—Lomin) 3)

[0195] For example, in FIGS. 15A and 15B, the thickness
ratio=(T,-T,)/(T,-T,)=0 for the cell region (minimum
thickness cell region) 11a. For the cell region 115, the
thickness ratio=(T,-T,)/(T,=T,). For the cell region 11¢, the
thickness ratio=(T,-T,)/(T,-T,). For the cell region (maxi-
mum thickness cell region) 11d, the thickness ratio=(T,-
TH(T,-T))=1.

[0196] Then, as shown in FIG. 15C, when a point corre-
sponding to a central position of each cell region 11a to 11d
of the unit structure 10 of the dielectric layer 5 in the
predetermined direction D1 and corresponding to the thick-
ness ratio of tl to t4 of each cell region 11a to 11d with
respect to the thickness t4 of the maximum thickness cell
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region 114 is plotted to obtain a regression line RL of a
below formula (1):

y=ax M,

[Tt}

a slope “a” of the regression line RL is in a predetermined
range, and a coefficient of determination R? of the regression
line RL is in the predetermined range.

[0197] When the thickness T,,;,, of the minimum thickness
cell region is defined as O and the thickness T, . of the
maximum thickness cell region is defined as 1, the ratio of
the thickness T,,,, of the minimum cell region to the thick-
ness T,,,. of the maximum thickness cell region is (T,,,,—
Tois /(L rri=T i) =0, as determined by equation (3) above.
Therefore, the y-section in the regression line of formula (1)
is 0.

[0198] FIG. 16 is an example of a design value DV when
the vertical and horizontal axes are the same as those of FIG.
15C, and the relative reflection phase of electromagnetic
waves in each cell region is designed to be a predetermined
setting in the unit structure of the dielectric layer. The design
value DV is generally indicated by a curved line. Preferably,
in the unit structure of the dielectric layer, the actual values
are well aligned with the design values DV. For this reason,
it is considered to derive a regression curve from the actual
measurements. However, the curve of the design value DV
is appropriately set according to the wavelength of the
electromagnetic wave, the dielectric constant of the dielec-
tric layer, and the target reflection properties, etc. Thus, it is
difficult to derive the regression curve from the actual
measurement, and it is difficult to derive a regression curve
from the actual measurement and evaluate the difference
from the design value. Then, in the present embodiment, a
regression line is determined from the actual measurement
values.

[0199] In addition, in the unit structure of the dielectric
layer, it is possible to reflect the electromagnetic wave to a
direction different from the regular reflection direction, even
if the actual measurement value is slightly different from the
design value. Thus, the slope “a” of the regression line is set
to 0.7 or more and 1.2 or less after the coeflicient of
determination R 2 of the regression line is set to 0.9 or more.
If the coeflicient of determination R 2 of the regression line
is equal to or greater than the predetermined value and the
slope “a” of the regression line is within the predetermined
range, the difference between the actual measurement value
and the design value can be kept within the predetermined

range.

[0200] Therefore, in the frequency selective reflector of
this embodiment, by varying the thickness of each cell
region of the unit structure of the dielectric layer, the
round-trip optical path length in the dielectric layer can be
varied per cell region, and the reflection phase of the
electromagnetic wave can be controlled. Also, the desired
reflection phase can be obtained by setting the slope and the
coeflicient of determination of the regression line deter-
mined as described above to a predetermined range. As a
result, the reflection direction of the electromagnetic wave
with respect to the predetermined incident direction can be
controlled in any direction.

[0201] Further, the frequency selective reflector of the
present embodiment can exhibit an effect same as that of the
frequency selective reflector of the first embodiment.
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[0202] Each configuration of the frequency selective
reflector of the present embodiment will be hereinafter
explained.

[0203]

[0204] The dielectric layer in the present embodiment is a
member that is disposed at an incident side of the electro-
magnetic waves with respect to the reflecting member;
includes a concave and convex structure in which a plurality
of a unit structure including a thickness distribution of
increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves in a
particular frequency band. Also, the unit structure of the
dielectric layer includes a plurality of cell regions of which
thickness differs from one another; in each of the unit
structure of the dielectric layer, in a graph setting: a hori-
zontal axis as a relative position when a central position in
the predetermined direction of a minimum thickness cell
region having a minimum thickness is defined as 0, and a
central position of the predetermined direction of a maxi-
mum thickness cell region having a maximum thickness is
defined as 1; and a vertical axis as a thickness ratio of each
cell region with respect to a thickness of the maximum
thickness cell region when a thickness of the minimum
thickness cell region is defined as 0, and a thickness of the
maximum thickness cell region is defined as 1; when a point
corresponding to a central position of the predetermined
direction of each cell region and corresponding to a thick-
ness ratio of each cell region with respect to a thickness of
the maximum thickness cell region is plotted to obtain a
regression line of a below formula (1):

1. Dielectric Layer

y=ax M,

[Tt}

a slope “a” of the regression line is 0.7 or more and 1.2 or
less, and a coefficient of determination of the regression line
is 0.9 or more. Also, the dielectric layer includes, as the unit
structure, at least a first unit structure including three or
more of the cell region of which thickness differs from one
another.

[0205]

[0206] The dielectric layer includes a concave and convex
structure in which a plurality of a unit structure including a
thickness distribution of increasing thickness in a predeter-
mined direction is arranged.

[0207] The unit structure of the dielectric layer includes a
plurality of cell regions of which thickness differs from one
another; wherein, in each of the unit structure of the dielec-
tric layer, in a graph setting: a horizontal axis as a relative
position when a central position in the predetermined direc-
tion of a minimum thickness cell region having a minimum
thickness is defined as 0, and a central position of the
predetermined direction of a maximum thickness cell region
having a maximum thickness is defined as 1; and a vertical
axis as a thickness ratio of each cell region with respect to
a thickness of the maximum thickness cell region when a
thickness of the minimum thickness cell region is defined as
0, and a thickness of the maximum thickness cell region is
defined as 1; when a point corresponding to a central
position of the predetermined direction of each cell region
and corresponding to a thickness ratio of each cell region
with respect to a thickness of the maximum thickness cell
region is plotted to obtain a regression line of a below
formula (1):

(1) Structure of Dielectric Layer

y=ax M,
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a slope “a” of the regression line is 0.7 or more and 1.2 or
less, a coeflicient of determination of the regression line is
0.9 or more.

[0208] The slope “a” of the regression line is 0.7 or more
and 1.2 or less, preferably 0.75 or more and 1.15 or less, and
more preferably 0.8 or more and 1.1 or less.

[0209] Also, the coeflicient of determination R 2 of the
regression line is 0.9 or more, preferably 0.92 or more and
0.99 or less, and more preferably 0.94 or more and 0.98 or
less.

[0210] Here, the regression line is determined by the least
squares method.

[0211] Also, in the graph, the horizontal axis is a relative
position when the central position of the minimum thickness
cell region having the minimum thickness in the predeter-
mined direction is defined as 0, and the central position of
the maximum thickness cell region having the maximum
thickness in the predetermined direction is defined as 1. The
predetermined direction is a direction in which the thickness
increases from the minimum thickness cell region in the
thickness distribution of the unit structure of the dielectric
layer. For the relative position, a point corresponding to a
central position of each cell region in the predetermined
direction is plotted.

[0212] Incidentally, when the unit structure of the dielec-
tric layer has a tapered shape, it may be difficult to identify
the cell region since the number of cell regions is considered
to be infinite. Thus, when the unit structure of the dielectric
layer has a tapered shape, if the reflecting member includes
a dielectric substrate and a reflective element, the region in
which one reflective element is arranged can be considered
as a cell region, and the central position of each cell region
in a predetermined direction can be determined. In the case
where the unit structure of the dielectric layer has a tapered
shape, if the reflecting member includes a reflective layer,
for example, the unit structure of the dielectric layer is
equally divided in the predetermined direction by a length
less than half of the wavelength in the air of the reflected
electromagnetic wave, and each divided region is considered
as a cell region to determine the central position of each cell
region in the predetermined direction. The number of
equally dividing the unit structure of the dielectric layer in
the predetermined direction is, for example, 3 or more, and
preferably 6 or more.

[0213] When the central position in the predetermined
direction of the minimum thickness cell region having the
minimum thickness is defined as 0, and the central position
in the predetermined direction of the maximum thickness
cell region having the maximum thickness is defined as 1,
the relative position of the central position in the predeter-
mined direction of each cell region is determined by the
equation (2), as described above.

[0214] For example, in FIGS. 15A to 15C, when the
widths of the cell regions 11a to 114 of the unit structure 10
of'the dielectric layer 5 are equal, the relative positions of the
central positions of each of the cell regions 11a to 114 of the
unit structure 10 of the dielectric layer 5 are respectively 0,
0.33, 0.67, and 1.

[0215] Inthe graph above, the vertical axis is the thickness
ratio of each cell region to the thickness of the maximum
thickness cell region when the thickness of the minimum
thickness cell region is defined as 0 and the thickness of the
maximum thickness cell region is defined as 1. The thick-
ness of the minimum thickness cell region is the thickness of
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the central position in the predetermined direction of the
minimum thickness cell region. The thickness of the maxi-
mum thickness cell region is also the thickness of the central
position in the predetermined direction of the maximum
thickness cell region. The thickness of the cell region is the
thickness in the central position of the cell region in the
predetermined direction. The central position of the cell
region in the predetermined direction is as described above.

[0216] Also, the thickness ratio of each cell region to the
thickness of the maximum thickness cell region when the
thickness of the minimum thickness cell region is defined as
0 and the thickness of the maximum thickness cell region is
defined as 1 is determined by the equation (3) as described
above.

[0217] For example, in FIGS. 15A and 15B, the thickness
ratio=(T,-T )/(T,-T,)=0 for the cell region (minimum
thickness cell region) 11a. For the cell region 115, the
thickness ratio=(T,-T,)/(T,=T,). For the cell region 11¢, the
thickness ratio=(T,-T,)/(T,-T,). For the cell region (maxi-
mum thickness cell region) 11d, the thickness ratio=(T,-
TH(T,-T))=1.

[0218] The thickness of each cell region is, for example, a
value measured using a thickness measurement technique
having a thickness resolution of about 1 um. For example,
the thickness of each cell region may be a value measured
by observing the cross-section in the thickness direction of
the unit structure with an optical microscope.

[0219] Also, the distance between the central position of
the minimum thickness cell region in the predetermined
direction and the central position in the predetermined
direction of the arbitrary cell region, and the distance
between the central position in the predetermined direction
of the maximum thickness cell region and the central
position in the predetermined direction of the arbitrary cell
region is, for example, a value measured using a measure-
ment technique having a resolution of at least about 0.01
mm. The measurement technique can be appropriately
selected and used from various length measuring instru-
ments such as a three-dimensional measuring machine.
Further, when measuring the thickness of each cell region, if
the concave and convex shape distribution on the surface of
the dielectric layer is measured, the above distance may be
calculated simultaneously.

[0220] The unit structure of the dielectric layer includes a
thickness distribution of increasing thickness in a predeter-
mined direction. The unit structure of the dielectric layer
may, for example, include a thickness distribution in which
the thickness increases in only one direction, or may include
a thickness distribution in which the thickness increases in
two directions of a first direction and a second direction
perpendicular to the first direction.

[0221] When the unit structure of the dielectric layer
includes a thickness distribution in which the thickness
increases in only one direction, the point is plotted in the
graph setting a horizontal axis as a relative position of that
one direction, and the regression line is determined. Also,
when the unit structure of the dielectric layer includes a
thickness distribution in which the thickness increases in
two directions orthogonal to each other, the point is respec-
tively plotted in the graph setting a horizontal axis as the
relative positions of the two directions respectively, and the
regression line is respectively determined in each graph.
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[0222] The other points of the structure of the dielectric
layer can be the same as those of the first embodiment
described above.

[0223] (2) Properties of the Dielectric Layer

[0224] The properties of the dielectric layer are the same
as those of the first embodiment described above.

[0225] (3) Material of Dielectric Layer

[0226] The materials of the dielectric layer are the same as
those of the first embodiment described above.

[0227] (4) Method for Forming Dielectric Layer

[0228] The method for forming the dielectric layer is the
same as that of the first embodiment described above.
[0229] 2. Reflecting Member

[0230] The reflecting member in the present embodiment
is a member that reflects electromagnetic waves in a par-
ticular frequency band. The reflecting member is the same as
that of the first embodiment described above.

[0231] 3. Control of Reflection Direction of Electromag-
netic Waves
[0232] In the present embodiment, the control of the

reflection direction of electromagnetic waves is the same as
that of the first embodiment described above.

[0233] 4. Other Configurations

[0234] The frequency selective reflector of the present
embodiment may include other configurations as required in
addition to the reflecting member and the dielectric layer
described above. The other configurations are the same as
those of the first embodiment described above.

[0235] 5. Other Points of Frequency Selective Reflector
[0236] In the present embodiment, the frequency band of
the electromagnetic wave and applications are the same as
those of the first embodiment described above.

II1. Third Embodiment of Frequency Selective
Reflector

[0237] The frequency selective reflector of the present
embodiment is a frequency selective reflector reflecting
electromagnetic waves in a particular frequency band of 24
GHz or more to a direction different from a regular reflection
direction, the frequency selective reflector comprising: a
reflecting member reflecting the electromagnetic waves; and
a dielectric layer that: is disposed at an incident side of the
electromagnetic waves with respect to the reflecting mem-
ber; includes a concave and convex structure in which a
plurality of a unit structure including a thickness distribution
of increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves, wherein
the unit structure of the dielectric layer includes a plurality
of cell regions of which thickness differs from one another;
in each of the unit structure of the dielectric layer, a
difference between a minimum thickness and a maximum
thickness is 0.2 mm or more and 15 mm or less; and the
dielectric layer includes, as the unit structure, at least a first
unit structure including three or more of the cell regions of
which thickness differs from one another. Similarly to the
frequency selective reflector of the first embodiment, the
frequency selective reflector of the present embodiment
controls a reflection direction of the electromagnetic waves
by controlling a relative reflection phase distribution of the
electromagnetic waves by the thickness distribution of the
dielectric layer.

[0238] The frequency selective reflector of the present
embodiment will be explained with reference to drawings.
FIGS. 1A and 1B are a schematic plan view and cross-
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sectional view showing an example of the frequency selec-
tive reflector of the present embodiment, and FIG. 1B is a
cross-sectional view of A-A line in FIG. 1A. As shown in
FIGS. 1A and 1B, frequency selective reflector 1 includes:
reflecting member 2 reflecting particular electromagnetic
waves; and dielectric layer 5 that: is disposed at an incident
side of the electromagnetic waves with respect to the reflect-
ing member 2; includes a concave and convex structure in
which a plurality of unit structure 10 including a thickness
distribution of which thickness t1 to t6 increase in prede-
termined direction D1 is arranged; and transmits particular
electromagnetic waves. Also, the frequency selective reflec-
tor 1 may include adhesive layer 6 between the reflecting
member 2 and the dielectric layer 5. The unit structure 10 of
the dielectric layer 5 includes a plurality of cell regions 11a
to 11f of which thickness t1 to t6 differs from one another.
For example, in FIG. 1B, the unit structure 10 of the
dielectric layer 5 has a stepped shape in which the thickness
tl to t6 stepwisely increase in the predetermined direction
D1, the number of steps in the stepped shape is six stages,
and the unit structure 10 of the dielectric layer 5 includes six
cell regions 11a to 11f. Since the thicknesses tl to t6 are
different in each cell region 11a to 11f of the unit structure
10 of the dielectric layer 5, the round-trip optical path length
when the electromagnetic waves are transmitted through the
dielectric layer 5, reflected by the reflecting member 2, and
emitted to the incident side of the electromagnetic wave by
being transmitted through the dielectric layer 5 again, are
different. Thus, the differences in round-trip optical path
length in the dielectric layers, that is, the optical path
difference, will produce a relative reflection phase differ-
ence.

[0239] In this manner, in each cell region 11a to 11f of the
unit structure 10 of the dielectric layer 5, when the thick-
nesses t1 to t6 vary, the round-trip optical path length in the
dielectric layer 5 varies, and the relative reflection phase of
the electromagnetic wave varies. Thus, as exemplified in
FIG. 2, the incident wave W1 of the electromagnetic wave
can be reflected to a direction different from the regular
reflection (specular reflection) direction. In this case, the
incident angle 81 of the incident wave W1 of the electro-
magnetic wave is different from the reflection angle 62 of the
reflected wave W2 of the electromagnetic wave.

[0240] Accordingly, in the frequency selective reflector of
the present embodiment, by varying the thickness of each
cell region of the unit structure of the dielectric layer, the
round-trip optical path length in the dielectric layer is varied
per cell region, and the reflection phase of the electromag-
netic wave can be controlled. As a result, the reflection
direction of the electromagnetic wave with respect to the
predetermined incident direction can be controlled in any
direction.

[0241] Also, in the unit structure 10 of the dielectric layer
5, a difference between a minimum thickness t1 and a
maximum thickness t6 is in the predetermined range.

[0242] Here, the effective wavelength A, of the electro-
magnetic wave propagating in the dielectric layer is repre-
sented by kg:ko/\/ g, where A, is the wavelength in the free
space corresponding to the frequency f of the particular
electromagnetic wave and c is the relative dielectric constant
of' the dielectric layer. Thus, as described in the first embodi-
ment above, when the thickness of each cell region is, for
example, about o+0A, or more and a+24,, or less, when the
dielectric constant of the dielectric layer is low, the thickness
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of each cell region increases, and when the dielectric con-
stant of the dielectric layer is high, the thickness of each cell
region decreases. Thus, when the dielectric constant of the
dielectric layer is low, the difference between the minimum
thickness and the maximum thickness tends to increase, and
when the dielectric constant of the dielectric layer is high,
the difference between the minimum thickness and the
maximum thickness tends to decrease.

[0243] In the unit structure of the dielectric layer, if the
difference between the minimum thickness and the maxi-
mum thickness is too large, the overall thickness of the
frequency selective reflector becomes thicker, which may
cause constraints on the installation and may result in poor
handling. There is also a risk of increasing manufacturing
costs. On the other hand, to reduce the difference between
the minimum thickness and the maximum thickness, it is
necessary to increase the dielectric constant of the dielectric
layer, as described above. However, the higher the dielectric
constant of the dielectric layer, the greater the dielectric loss
and the greater the reflection at the dielectric interface. As a
result, reflection to the designed direction is reduced. Thus,
if the difference between the minimum thickness and the
maximum thickness is too small, there is a risk that losses
including dielectric loss and interfacial reflections may be
increased.

[0244] In contrast, in the present embodiment, since the
difference between the minimum thickness and the maxi-
mum thickness in the unit structure of the dielectric layer is
equal to or less than the predetermined value, the overall
thickness of the frequency selective reflector can be reduced.
Thus, restrictions on installation can be reduced and han-
dling can be improved. Also, since the difference between
the minimum thickness and the maximum thickness in the
unit structure of the dielectric layer is equal to or greater than
the predetermined value, it is not necessary to increase the
dielectric constant of the dielectric layer in order to reduce
the difference between the minimum thickness and the
maximum thickness. For this reason, losses including dielec-
tric loss and interfacial reflections can be reduced.

[0245] Further, the frequency selective reflector of the
present embodiment can exhibit an effect same as that of the
frequency selective reflector of the first embodiment
described above.

[0246] FEach configuration of the frequency selective
reflector of the present embodiment will be hereinafter
explained.

[0247]

[0248] The dielectric layer in the present embodiment is a
member that is disposed at an incident side of the electro-
magnetic waves with respect to the reflecting member;
includes a concave and convex structure in which a plurality
of a unit structure including a thickness distribution of
increasing thickness in a predetermined direction is
arranged; and transmits the electromagnetic waves in a
particular frequency band. Also, the unit structure of the
dielectric layer includes a plurality of cell regions of which
thickness differs from one another, and in each unit structure
of the dielectric layer, the difference between the minimum
thickness and the maximum thickness is in the predeter-
mined range.

1. Dielectric Layer
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[0249] (1) Structure of Dielectric Layer

[0250] The dielectric layer includes a concave and convex
structure in which a plurality of a unit structure including a
thickness distribution of increasing thickness in a predeter-
mined direction is arranged.

[0251] The unit structure of the dielectric layer includes a
plurality of cell regions of which thickness differs from one
another, and in each unit structure of the dielectric layer, the
difference between the minimum thickness and the maxi-
mum thickness is in the predetermined range.

[0252] Incidentally, the difference between the minimum
thickness and the maximum thickness in the unit structure of
the dielectric layer is the same as that of the first embodi-
ment described above.

[0253] Also, other points of the structure of the dielectric
layer can be the same as those of the first embodiment
described above.

[0254] (2) Properties of the Dielectric Layer

[0255] The properties of the dielectric layer are the same
as those of the first embodiment described above.

[0256] (3) Material of Dielectric Layer

[0257] The materials of the dielectric layer are the same as
those of the first embodiment described above.

[0258] (4) Method for Forming Dielectric Layer

[0259] The method for forming the dielectric layer is the
same as that of the first embodiment described above.
[0260] 2. Reflecting Member

[0261] The reflecting member in the present embodiment
is a member that reflects electromagnetic waves in a par-
ticular frequency band. The reflecting member is the same as
that of the first embodiment described above.

[0262] 3. Control of Reflection Direction of Electromag-
netic Waves
[0263] In the present embodiment, the control of the

reflection direction of electromagnetic waves is the same as
that of the first embodiment described above.

[0264] 4. Other Configurations

[0265] The frequency selective reflector of the present
embodiment may include other configurations as required in
addition to the reflecting member and the dielectric layer
described above. The other configurations are the same as
those of the first embodiment described above.

[0266] 5. Other Points of Frequency Selective Reflector
[0267] In the present embodiment, the frequency band of
the electromagnetic wave and applications are the same as
those of the first embodiment described above.

[0268] B. Dielectric Layer

[0269] The dielectric layer in the present disclosure is a
member used for the frequency selective reflector described
above.

[0270] Incidentally, the dielectric layer is the same as that
described in the section “A. Frequency selective reflector”
above; thus, the descriptions herein are omitted.

[0271] C. Reflecting Structure

[0272] The reflecting structure of the present disclosure is
a reflecting structure comprising: a frequency selective
reflector reflecting electromagnetic waves in a particular
frequency band to a direction different from a regular
reflection direction; and a protective member arranged in an
upper side of the frequency selective reflector, wherein a
thickness of the protective member is less than Y4 of an
effective wavelength of the electromagnetic waves propa-
gating in the protective member.

[0273] FIG. 17A is a schematic cross-sectional view
showing an example of the reflecting structure of the present
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disclosure, and FIG. 17B is a schematic plan view showing
an example of the frequency selective reflector in the reflect-
ing structure of the present disclosure. As shown in FIG.
17A, the reflecting structure 20 comprises: a frequency
selective reflector 1 reflecting electromagnetic waves in a
particular frequency band to a direction different from a
regular reflection direction; and a protective member 21
arranged in an upper side of the frequency selective reflector
1.

[0274] As shown in FIGS. 17A and 17B, the frequency
selective reflector 1 includes a reflecting member 2 reflect-
ing the electromagnetic wave in a particular frequency band,
and the reflecting member 2 is the one in which a plurality
of ring-shaped reflective element 3 is arranged, and includes
a dielectric substrate 4, and a plurality of reflective element
3 arranged on the protective member 21 side surface of the
dielectric substrate 4. The reflecting member 2 has a reflec-
tion phase control function controlling the reflection phase
of the electromagnetic wave, and for example, in the reflect-
ing member 2 shown in FIG. 17B, by varying the size of the
reflective element 3, the resonance frequency can be varied
per reflective element 3 to control the reflection phase of the
target electromagnetic wave. As a result, the reflection
direction of the electromagnetic wave with respect to the
predetermined incident direction can be controlled in any
direction. Incidentally, regarding the reflecting member
shown in FIGS. 17A and 17B, FIG. 17A corresponds to a
cross-sectional view of A-A line in FIG. 17B.

[0275] Also, as shown in FIG. 17A, thickness T of the
protective member 21 is less than Y4 of an effective wave-
length of the electromagnetic waves in a particular fre-
quency band propagating in the protective member 21.
[0276] In the reflecting structure of the present disclosure,
the thickness of the protective member is less than %4 of the
effective wavelength of the electromagnetic wave, and is
sufficiently thin with respect to the effective wavelength of
the electromagnetic wave, and thus attenuation of the elec-
tromagnetic wave due to the protective member can be
suppressed. As such, the distance between the frequency
selective reflector and the protective member need not be a
specific value. Thus, in the present disclosure, it is possible
to suppress the attenuation of electromagnetic waves due to
the protective member without limiting the design.

[0277] Here, the effective wavelength of the electromag-
netic wave means the wavelength when the electromagnetic
wave passes through materials other than air, such as a
protective member. It should be noted that the wavelength is
simply referred to as the wavelength in the air.

[0278] Hereinafter, each configuration of the reflecting
structure in the present disclosure will be described.
[0279] 1. Protective Member

[0280] The protective member in the present disclosure is
arranged in an upper side of the frequency selective reflector,
and includes a predetermined thickness.

[0281] (1) Thickness of Protective Member

[0282] The thickness of the protective member is less than
V4 of the effective wavelength of the electromagnetic wave
in a particular frequency band propagating in the protective
member, and in particular, it is preferably Y or less of the
effective wavelength, and more preferably ¥is or less of the
effective wavelength. When the thickness of the protective
member is thin as in the above range, the attenuation of the
electromagnetic wave due to the protective member can be
suppressed. Also, when the thickness of the protective
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member is Yis or less of the effective wavelength, the
attenuation of the electromagnetic wave due to the protec-
tive member can be significantly suppressed. As described
later, the frequency band of the electromagnetic wave is
preferably 24 GHz or more, that is, the wavelength of the
electromagnetic wave in the air is preferably 12.49 mm or
less. In this case, when the protective member uses a
material whose effective wavelength is close to the wave-
length in the air, the thickness of the protective member is
about 3.1 mm. As a result, the thickness of the protective
member can be, in particular, about 3.1 mm or less. Also, the
thickness of the protective member is preferably the thinner
the better from the viewpoint of suppressing the attenuation
of the electromagnetic wave, but is preferably 5 um or more
from the viewpoint of protection of the frequency selective
reflector and the strength, rigidity, etc. of the protective
member, more preferably 50 um or more, and further
preferably 100 pm or more.

[0283] The thickness of the protective member refers to
the total thickness of the protective member, for example,
when the protective member has a multilayer structure
including a plurality of layers as described below.

[0284] Here, the effective wavelength A, of the electro-
magnetic wave propagating in the protective member is
represented by kg:ko/\/g when the wavelength in the free
space corresponding to the frequency f of the particular
electromagnetic wave is defined as A, and the relative
dielectric constant of the protective member is defined as E.
Thus, the thickness of the protective member is less than
A/4. Incidentally, as described above, when the protective
member has a multilayer structure including n-pieces of
layer, when the thickness of a i-th layer (i=integer of 1 to n)
from the incident side of the electromagnetic wave is defined
as T, the effective wavelength of the electromagnetic wave
propagating in the layer is defined as A, and the thickness
of the layer is how many wavelength of the effective
wavelength of the electromagnetic wave is represented by
N=T/A,,, the sum of N, to N, is less than 4.

[0285] (2) Structure of Protective Member

[0286] The protective member may have a single layer
structure configured by one layer, and may have a multilayer
structure including a plurality of layer.

[0287] The protective member may, for example, include
at least a protective sheet. Also, the protective member may,
for example, include an adhesive layer and a protective sheet
in this order from the frequency selective reflector side.
[0288] (a) Protective Sheet

[0289] The protective sheet configuring the protective
member in the present disclosure is a member that protects
the frequency selective reflector.

[0290] (i) Properties of Protective Sheet

[0291] The protective sheet transmits the electromagnetic
wave in a particular frequency band, and may or may not
transmit the electromagnetic waves in other frequency
bands.

[0292] Preferably, the dielectric loss tangent of the pro-
tective sheet to a particular electromagnetic wave is rela-
tively small. The small dielectric loss tangent of the protec-
tive sheet can reduce dielectric loss and reduce high
frequency losses. Specifically, the dielectric loss tangent of
the protective sheet with respect to the electromagnetic
waves of the target frequency is preferably 0.05 or less, may
be 0.01 or less, and may be 0.001 or less. Also, the dielectric
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loss tangent of the protective sheet is preferably the smaller
the better, and the lower limit value is not particularly
limited.

[0293] In addition, the dielectric constant of the protective
sheet in the electromagnetic wave of the target frequency is
preferably the lower the better to reduce the loss, but in the
present disclosure, since the loss can be reduced by reducing
the thickness of the protective member, for example, the
dielectric constant may be 10 or less.

[0294] Here, the diclectric loss tangent and dielectric
constant of the protective sheet can be measured by a
resonator method.

[0295] (ii) Material of Protective Sheet

[0296] The material of the protective sheet is not particu-
larly limited if it is, for example, a non-conductive material
capable of transmitting electromagnetic waves in a particu-
lar frequency band, and specifically, a resin, glass, quartz,
ceramics, or the like can be used.

[0297] The non-conductive material refers to a material of
which volume resistivity is 10*? ©-cm or more. The volume
resistivity of the protective sheet can be measured according
to JIS C 2151.

[0298] Among the materials of the protective sheet, a resin
is preferred in terms of moldability, cost, and etc.

[0299] Although the resin is not particularly limited if it is
capable of transmitting electromagnetic waves in a particu-
lar frequency band, it is preferable that the resin has a
relatively low absorption of the electromagnetic wave and
has a relatively high transmittance of the electromagnetic
wave. More preferably, the resin is the one that meets the
aforementioned dielectric loss tangent and dielectric con-
stant. In addition, it is particularly preferred that the resin is
relatively high in strength, stiffness, weather resistance, and
the like. Examples of such resins may include general
purpose plastics, engineering plastics, and the like.
Examples of the resin also include a curable resin such as a
thermosetting resin or an ionizing radiation curable resin.
Ionizing radiation includes visible light, ultraviolet light,
X-ray, electron beam, ion beam, and the like. Melamine
resins and diallyl phthalate resins may also be used as the
resin.

[0300] If the protective sheet contains a resin, as required,
for example, an additive such as an ultraviolet absorber, a
light stabilizer, an antioxidant, or the like may be included.
[0301] (iii) Structure of Protective Sheet

[0302] The protective sheet may have a single layer struc-
ture configured by one layer, and may have a multilayer
structure including a plurality of layer.

[0303] If the material of the protective sheet is a resin, that
is, when the protective sheet is a resin sheet, the protective
sheet includes at least a resin layer.

[0304] Also, when the protective sheet is a resin sheet, a
design may be imparted by the protective sheet. In this case,
the protective sheet may include, for example, at least a resin
layer and a design layer, or at least a resin layer also serving
as a design layer.

[0305] (iii-1) when Protective Sheet Includes at Least
Resin Layer and Design Layer

[0306] When the protective sheet includes at least a resin
layer and a design layer, for example, it may include a resin
layer that is a resin substrate and a design layer, and may
include a paper substrate, a design layer, and a resin layer
that is a coat layer.
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[0307] (iii-1-1) when Protective Sheet Includes Resin
Layer that is Resin Substrate and Design Layer

[0308] When the protective sheet includes a resin layer
that is a resin substrate and a design layer, there are no
particular limitations on the layer structure of the protective
sheet. The protective sheet may include, in the order from
the frequency selective reflector side, for example, a resin
layer, a design layer, and a surface protecting layer; a resin
layer, a design layer, a primer layer, and a surface protecting
layer; a first resin layer, a design layer, an adhesive agent
layer, a second resin layer, and a surface protecting layer; a
first resin layer, a design layer, an adhesive agent layer, a
second resin layer, a primer layer, and a surface protecting
layer; a design layer, a resin layer, and a surface protecting
layer; and a design layer, an adhesive agent layer, a resin
layer, a primer layer and a surface protecting layer. Also,
when the design layer is disposed on the resin layer includ-
ing the protection function, the resin layer and the design
layer may be separable or the resin layer and the design layer
and the surface protecting layer may be separable so that
only the design layer can be changed. In this case, a
pressure-sensitive adhesive layer or an adhesive layer hav-
ing removability may be disposed between each layer, or
each layer may be configured to be structurally adhered.
[0309] Inthe above case, as the material of the resin layer,
a material with which a resin substrate can be obtained may
be used, and may be appropriately selected from the resins
described above. The thickness of the resin layer is not
particularly limited if the thickness of the protective member
can be in the predetermined range, and can be, for example,
about several tens of um to several hundreds of pm. The
resin layer may be optionally colored. Also, the resin layer
may be subjected to surface treatment such as, for example,
corona treatment, plasma treatment, and ozone treatment,
and the primer layer may be arranged in order to enhance
adhesion to adjacent layers.

[0310] Further, in the above case, the design layer is a
layer that imparts designability to the protective member,
and examples thereof may include a colored layer, a picture
pattern layer, a pattern layer, and the like. The design layer
may be formed by, for example, a printing method or a
transfer method. The thickness of the design layer is not
particularly limited if the thickness of the protective member
can be in the predetermined range, and can be, for example,
about several hundreds of nm to several tens of um.
[0311] In the above case, the surface protecting layer is a
layer configured to impart surface properties such as scratch
resistance, abrasion resistance, water resistance, stain resis-
tance, etc. to the protective member. As the material of the
surface protecting layer, a curable resin such as a thermo-
setting resin or an ionizing radiation curable resin can be
used. In particular, the ionizing radiation curable resin is
preferable, an ultraviolet curable resin or an electron beam
curable resin is more preferable, and an electron beam
curable resin is further preferable. Ionizing radiation
includes visible light, ultraviolet light, X-ray, electron beam,
ion beam, and etc., but in particular, ultraviolet light and
electron beam are preferable, and electron beam is further
preferable.

[0312] It is preferable that the surface protecting layer has
water repellency. The degrade in the reflection properties of
the reflecting structure due to the adhesion of water to the
surface of the protective member can be prevented. Prefer-
ably, the water repellency of the surface protecting layer is,
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for example, 90° or more in contact angle with water on the
surface of the surface protecting layer. The contact angle of
water can be measured by the 6/2 method.

[0313] To impart water repellency to the surface protect-
ing layer, for example, a water repellent agent such as a
silicone-based water repellent agent or a fluorine-based
water repellent agent can be added, or a siloxane bond or
fluorine can be introduced into the main chain or the side
chain.

[0314] The thickness of the surface protecting layer is not
particularly limited if the thickness of the protective member
can be in the predetermined range, and can be, for example,
about several um to several tens of pm.

[0315] Also, in the above case, for example, a general dry
laminate adhesive may be used for the adhesive agent layer.
The thickness of the adhesive agent layer is not particularly
limited if the thickness of the protective member can be in
the predetermined range, and can be, for example, about
several hundreds of nm to several tens of um.

[0316] Also, in the above case, a general primer agent may
be used for the primer layer. The thickness of the primer
layer is not particularly limited if the thickness of the
protective member can be in the predetermined range, and
can be, for example, about several hundreds of nm to several
tens of pum.

[0317] (iii-1-2) when Protective Sheet Includes Paper
Substrate, Design Layer, and Resin Layer that is Coat Layer
[0318] When the protective sheet includes a paper sub-
strate, a design layer, and a resin layer that is a coat layer, the
layer structure of the protective sheet is not particularly
limited, and the protective sheet may, for example, include
a paper substrate, a design layer, and a resin layer in this
order from the frequency selective reflector side.

[0319] In the above case, the material of the resin layer
may be the one capable of coating, and the above described
curable resin can be used.

[0320] It is preferable that the rein layer has water repel-
lency. The degrade in the reflection properties of the reflect-
ing structure due to the adhesion of water to the surface of
the protective member can be prevented. The water repel-
lency of the resin layer may be the same as the water
repellency of the surface protecting layer in (iii-1-1)
described above.

[0321] To impart water repellency to the resin layer, for
example, a water repellent agent such as a silicone-based
water repellent agent or a fluorine-based water repellent
agent can be added, or a siloxane bond or fluorine can be
introduced into the main chain or the side chain.

[0322] The thickness of the resin layer is not particularly
limited if the thickness of the protective member can be in
the predetermined range, and can be, for example, about
several um to several tens of um.

[0323] Also, in the above case, the design layer is a layer
that imparts designability to the protective member, and
examples thereof may include a colored layer and a picture
pattern layer. The design layer can be formed by, for
example, printing on the paper substrate.

[0324] In addition, in the above case, examples of the
paper substrate may include tissue paper and titanium paper.
The thickness of the paper substrate is not particularly
limited if the thickness of the protective member can be in
the predetermined range, and can be, for example, about 25
pm or more and 135 um or less.
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[0325] (iii-2) when Protective Sheet Include at Least Resin
Layer Also Serve as Design Layer

[0326] When the protective sheet includes at least a resin
layer that also serves as a design layer, examples of the resin
layer may include a resin-impregnated paper obtained by
impregnating a printed paper substrate with a resin.

[0327] Examples of the resin configuring the resin-im-
pregnated paper may include a melamine resin and a diallyl
phthalate resin.

[0328] The paper substrate configuring the resin-impreg-
nated paper is not particularly limited, if it is capable of
being impregnated with the resin. Examples of the paper
substrate configuring the resin-impregnated paper may
include titanium paper, tissue paper, kraft paper, coated
paper, art paper, vegetable parchment, glassine paper, parch-
ment paper, paraffin paper, and Japanese paper.

[0329] The thickness of the resin layer is not particularly
limited if the thickness of the protective member can be in
the predetermined range, and can be, for example, about 25
pm or more and 250 um or less.

[0330] In the above case, the layer structure of the pro-
tective sheet is not particularly limited, and for example, the
protective sheet may include, in the order from the fre-
quency selective reflector, a resin layer and a surface pro-
tecting layer, or a substrate layer, a resin layer, and a surface
protecting layer.

[0331] In the above case, examples of the surface protect-
ing layer may include a resin-impregnated paper obtained by
impregnating a paper substrate with a resin. Examples of the
resin configuring the resin-impregnated paper used for the
surface protecting layer may include a melamine resin. Also,
the paper substrate configuring the resin-impregnated paper
used for the surface protecting layer may be the same as the
paper substrate configuring the resin-impregnated paper
used for the resin layer. The thickness of the surface pro-
tecting layer is not particularly limited if the thickness of the
protective member can be in the predetermined range, and
for example, can be about 25 um or more and 250 um or less.
[0332] Further, in the above case, examples of the sub-
strate layer may include a resin-impregnated paper obtained
by impregnating a paper substrate with a resin. Examples of
the resin configuring the resin-impregnated paper used for
the substrate layer may include a thermosetting resin such as
a phenolic resin. Also, examples of the paper substrate
configuring the resin-impregnated paper used for the sub-
strate layer may include kraft paper. As the substrate layer,
a plurality of pieces of kraft paper impregnated with a resin
may be used. The thickness of the substrate layer is not
particularly limited if the thickness of the protective member
can be in the predetermined range. The thickness of the kraft
paper may be, for example, about 50 pum or more and 200 pm
or less.

[0333] (b) Adhesive Layer

[0334] The protective member 21 in the present disclosure
may include, for example, as shown in FIG. 18A, in the
order form the frequency selective reflector 1 side, an
adhesive layer 23, and a protective sheet 22. The adhesive
layer is a layer configured to directly or indirectly adhere the
protective member to the frequency selective reflector.
[0335] Adhesives used in the adhesive layer are not par-
ticularly limited and examples thereof may include epoxy-
based adhesives, urethane-based adhesives, acrylic adhe-
sives, and emulsion-based adhesives. The adhesive may also
be a pressure sensitive adhesive or an optical clear adhesive.
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The adhesive may also use a liquid adhesive and may use a
sheet-like adhesive. The pressure sensitive adhesive is also
referred to as PSA. The optical clear adhesive is also referred
to as OCA.

[0336] Inaddition, the adhesive layer may or may not have
removability. If the adhesive layer has removability, it is
possible to reapply the adhesive layer when the protective
member is placed in the upper side of the frequency selective
reflector, and it is possible to peel the protective member
without leaving an adhesive residue when the protective
member is replaced.

[0337] It should be noted that “removability” refers to a
property that the one can be easily pecled off after the
protective member is applied to the surface of the frequency
selective reflector or a supporting member described later,
without destroying the frequency selective reflector or the
supporting member and without leaving the residue of the
adhesive on the surface of the frequency selective reflector
or the supporting member described later.

[0338] The thickness of the adhesive layer is not particu-
larly limited if the thickness of the protective member can be
in the predetermined range, and for example, can be about
several hundreds of nm to several hundreds of um.

[0339] (3) Position of Protective Member

[0340] In the present disclosure, the protective member is
arranged in an upper side of the frequency selective reflector,
and may be arranged so as to contact the frequency selective
reflector, and may be arranged so as not to contact the
frequency selective reflector. When the protective member is
arranged so as to contact the frequency selective reflector,
the protective member can be supported by the frequency
selective reflector, and deflection of the protective member
can be suppressed even when the thickness of the protective
member is thin.

[0341] For example, as described later, when the fre-
quency selective reflector includes a reflecting member that
reflects particular electromagnetic waves, and if the reflect-
ing member has a reflection phase control function that
controls the reflection phase of the electromagnetic waves,
the protective member is preferably arranged so as not to
contact the reflecting member of the frequency selective
reflector. When the protective member is in contact with the
reflecting member of the frequency selective reflector, the
reflection properties of the reflecting member may change.
When the protective member needs to be arranged so as to
be in contact with the reflecting member of the frequency
selective reflector from the viewpoint of rigidity or the like,
the reflection properties of the reflecting member may be
redesigned in consideration of the change in the reflection
properties by the protective member.

[0342] Also, for example, as described later, when the
frequency selective reflector includes, in the order from the
protective member side, a dielectric layer including a con-
cave and convex structure in which a plurality of a unit
structure including a thickness distribution of increasing
thickness in a predetermined direction is arranged, and
transmitting particular electromagnetic waves; and a reflect-
ing member reflecting particular electromagnetic waves, the
protective member is preferably arranged so as to contact the
frequency selective reflector. As described above, the pro-
tective member can be supported by the frequency selective
reflector, and deflection of the protective member can be
suppressed even when the thickness of the protective mem-
ber is thin.
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[0343] Also, the protective member is preferably sup-
ported by at least one of the frequency selective reflector and
the supporting member described later, and more preferably
supported by both of the frequency selective reflector and
the supporting member. By supporting the protective mem-
ber, deflection of the protective member can be suppressed
even when the thickness of the protective member is thin.
Also, when the protective member is supported by both of
the frequency selective reflector and the supporting member,
the protective member can be certainly supported, and even
when the thickness of the protective member is thin, the
deflection of the protective member can be effectively
suppressed. In this case, the thickness of the protective
member can be made thinner.

[0344] When the protective member is arranged so as to
contact the frequency selective reflector and when the fre-
quency selective reflector includes, in the order from the
protective member side, a dielectric layer including a con-
cave and convex structure in which a plurality of a unit
structure including a thickness distribution of increasing
thickness in a predetermined direction is arranged, and
transmitting particular electromagnetic waves; and a reflect-
ing member reflecting particular electromagnetic waves, the
protective member is preferably arranged so as to contact the
maximum thickness portion having the maximum thickness
in the dielectric layer. In specific, as described later, for
example, as shown in FIGS. 18A and 18B, when the
frequency selective reflector 1 includes, in the order from the
protective member 21 side, a dielectric layer 5 including a
concave and convex structure in which a plurality of a unit
structure 10 including a thickness distribution of increasing
thickness in a predetermined direction D1 are arranged, and
transmitting particular electromagnetic waves; and a reflect-
ing member 2 reflecting particular electromagnetic waves,
wherein the unit structure 10 of the dielectric layer 5
includes a plurality of cell regions 11a to 11f of which
thickness t1 to t6 differs from one another, the protective
member 21 is preferably arranged so as to contact the
maximum thickness cell region 11f having the maximum
thickness t6 in the unit structure 10 of the dielectric layer 5.
Since the maximum thickness portion in the dielectric layer,
specifically the maximum thickness cell region in the unit
structure of the dielectric layer is plurally present in the
dielectric layer, by arranging the protective member as
described above, the protective member can be certainly
supported. As a result, deflection of the protective member
can be effectively suppressed even when the thickness of the
protective member is thin. Thus, when the protective mem-
ber is arranged in the above manner, the thickness of the
protective member can be made thinner. For the frequency
selective reflector shown in FIGS. 18A and 18B, FIG. 18A
corresponds to a cross-sectional view of A-A line in FIG.
18B.

[0345] Also, when the protective member is arranged so as
not to contact the frequency selective reflector, there are no
particular limitations on the distance between the frequency
selective reflector and the protective member.

[0346] 2. Frequency Selective Reflector

[0347] The frequency selective reflector in the present
disclosure is a member reflecting electromagnetic waves in
a particular frequency band to a direction different from a
regular reflection direction.

[0348] The frequency selective reflector is not particularly
limited if it is a member that reflects electromagnetic waves
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in a particular frequency band to a direction different from
the regular reflection direction. The frequency selective
reflector may include, for example, a reflecting member that
reflects the electromagnetic waves, and the reflecting mem-
ber may have a reflection phase control function that con-
trols the reflection phase of the electromagnetic waves.
Alternatively, the frequency selective reflector may include,
for example, in the order from the protective member side,
a dielectric layer including a concave and convex structure
in which a plurality of unit structures including a thickness
distribution of increasing thickness in a predetermined direc-
tion is arranged; and transmitting the electromagnetic
waves, and a reflecting member that reflects the electromag-
netic waves.

[0349] The first aspect wherein the frequency selective
reflector includes a reflecting member reflecting the electro-
magnetic waves, and the reflecting member includes a
reflection phase control function controlling a reflection
phase of the electromagnetic waves; and the second aspect
wherein the frequency selective reflector includes, in an
order from the protective member side, a dielectric layer
including a concave and convex structure in which a plu-
rality of a unit structure including a thickness distribution of
increasing thickness in a predetermined direction is
arranged, and transmitting the electromagnetic waves; and a
reflecting member reflecting the electromagnetic waves, will
be hereinafter separately explained.

[0350] (1) First Aspect of Frequency Selective Reflector
[0351] The first aspect of the frequency selective reflector
in the present disclosure includes a reflecting member
reflecting the electromagnetic waves, and the reflecting
member includes a reflection phase control function con-
trolling a reflection phase of the electromagnetic waves.
[0352] (a) Reflecting Member

[0353] The reflecting member in the present aspect reflects
the electromagnetic waves in a particular frequency band,
and is a member including a reflection phase control func-
tion controlling the reflection phase of the electromagnetic
waves.

[0354] Inthe present aspect, the reflecting member usually
includes a wavelength selecting function reflecting only the
electromagnetic waves in a particular frequency band.
Examples of such a reflecting member may include a
frequency selective plate.

[0355] Incidentally, the frequency selective reflector is in
the same contents as those described in the section “A.
Frequency selective reflector” above. For example, FIG.
17B is an example in which the reflecting member 2 is a
frequency selective plate, and the reflecting member 2
includes a dielectric substrate 4, and a plurality of reflective
element 3 arranged on an electromagnetic wave incident
side surface of the dielectric substrate 4.

[0356] The shape and the configuration of the reflective
element are also in the same contents as those described in
the section “A. Frequency selective reflector” above.
[0357] In the present aspect, the reflecting member
includes a reflection phase control function controlling a
reflection phase of the electromagnetic waves. In such a
reflecting member, by varying the size and the shape of the
reflective element, the resonance frequency can be varied
per each reflective element, and the reflection phase of the
electromagnetic wave can be controlled; thereby the reflec-
tion direction of the electromagnetic wave incident from the
predetermined direction can be controlled.
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[0358] As the reflecting member including the reflection
phase control function, a general frequency selective surface
can be applied. Although there are advantages and disad-
vantages in the design of these, it is possible to vary the
reflection phase of the electromagnetic wave by varying the
size and shape of these reflective element.

[0359] The different sizes of the reflective element are
appropriately selected depending on the shape of the reflec-
tive element.

[0360] (b) Other Configurations

[0361] The frequency selective reflector of the present
aspect may include configurations other than the reflecting
member as required.

[0362] (i) Ground Layer

[0363] The frequency selective reflector of the present
aspect may include a ground layer on a surface of the
reflecting member that is opposite to the protective member.
The ground layer is in the same contents as those described
in the section “A. Frequency selective reflector” above.
[0364] (ii) Planarizing Layer

[0365] The frequency selective reflector of the present
aspect may include a planarizing layer on the protective
member side surface of the reflecting member. The planar-
izing layer is in the same contents as those described in the
section “A. Frequency selective reflector” above.

[0366] (2) Second Aspect of Frequency Selective Reflec-
tor
[0367] The second aspect of the frequency selective

reflector in the present disclosure includes, in an order from
the protective member side, a dielectric layer including a
concave and convex structure in which a plurality of a unit
structure including a thickness distribution of increasing
thickness in a predetermined direction is arranged, and
transmitting the electromagnetic waves; and a reflecting
member reflecting the electromagnetic waves, wherein the
unit structure of the dielectric layer includes a plurality of
cell regions of which thickness differs from one another; the
dielectric layer includes, as the unit structure, at least a first
unit structure including three or more of the cell regions of
which thickness differs from one another; and a reflection
direction of the electromagnetic waves is controlled by
controlling a relative reflection phase distribution of the
electromagnetic waves by the thickness distribution of the
dielectric layer.

[0368] The second aspect of the frequency selective
reflector in the present disclosure has three embodiments.
The frequency selective reflector of each embodiment is the
same as three embodiments described in the section “A.
Frequency selective reflector” above.

[0369] Incidentally, the thickness of each cell region needs
not be 4 of the effective wavelength of the electromagnetic
wave or an integer multiple thereof.

[0370] (3) Other Points of Frequency Selective Reflector
[0371] The frequency selective reflector in the present
disclosure reflects electromagnetic waves in a particular
frequency band to a direction different from a regular
reflection direction. The frequency band of the electromag-
netic wave is in the same contents as those described in the
section “A. Frequency selective reflector” above. Mean-
while, if the frequency band of the electromagnetic wave is
too high, the thickness of the protective member needs to be
substantially thin, and when a mechanical strength and the
like required for protection is considered, attenuation of the
electromagnetic wave may not be sufficiently suppressed.
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[0372] The frequency selective reflector of the present
disclosure can be used, for example, as a frequency selective
reflector for communication, and is suitable as a frequency
selective reflector for mobile communication, among others.
[0373] 3. Other Configurations

[0374] The reflecting structure of the present disclosure
may include configurations other than the frequency selec-
tive reflector and the protective member as required.
[0375] (1) Supporting Member

[0376] In the reflecting structure of the present disclosure,
for example, as shown in FIGS. 19A and 19B, the supporting
member 24 is arranged in the outer periphery of the fre-
quency selective reflector 1, and the protective member 21
may be supported by the supporting member 24. In other
words, the protective member may be arranged so as to
contact the supporting member. By supporting the protective
member with the supporting member, deflection of the
protective member can be suppressed even when the thick-
ness of the protective member is thin. Also, the frequency
selective reflector can be sealed by the protective member
and the supporting member, and adhesion of foreign matter
to the frequency selective reflector can be suppressed.
[0377] The supporting member is not particularly limited
if it is non-conductive and is capable of supporting the
protective member.

[0378] The material of the supporting member is prefer-
ably a non-conductive material. Examples of the non-con-
ductive material may include a material used for the pro-
tective sheet of the protective member and a material used
for the dielectric layer.

[0379] The dielectric constant of the supporting member is
preferably close to air. Also, the dielectric loss tangent of the
supporting member is preferably small. In this case, the
effect of the supporting member on the reflection properties
of the frequency selective reflector can be substantially
eliminated.

[0380] The thickness of the supporting member is not
particularly limited if it can support the protective member.
[0381] In particular, when the frequency selective reflector
includes, in the order from the protective member, the
dielectric layer and the protective member, the height of the
supporting member from the bottom surface of the fre-
quency selective reflector is preferably equal to the height of
the maximum thickness portion in the dielectric layer from
the bottom surface of the frequency selective reflector.
[0382] Specifically, when the unit structure of the dielec-
tric layer includes a plurality of cell regions of which
thickness differs from one another, the height of the sup-
porting member from the bottom surface of the frequency
selective reflector is preferably equal to the height of the
maximum thickness cell region in the unit structure of the
dielectric layer from the bottom surface. For example, in
FIG. 19B, the height hl of the supporting member 24 from
the bottom surface of the frequency selective reflector 1 is
equal to the height h2 of the maximum thickness cell region
in the unit structure of the dielectric layer 5 from the bottom
surface. Also, for example, as shown in FIG. 19B, when the
supporting member 24 is arranged on the same plane as the
dielectric layer 5, the thickness of the supporting member is
preferably equal to the thickness of the maximum thickness
cell region in the unit structure of the dielectric layer, that is,
the maximum thickness. The height of the supporting mem-
ber from the bottom surface of the frequency selective
reflector is such as above, whereby the protective member
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can be certainly supported by both the supporting member
and the frequency selective reflector, and deflection of the
protective member can be effectively suppressed even when
the thickness of the protective member is thin.

[0383] As the width of the supporting member, it is not
particularly limited if the protective member can be sup-
ported, and it is a width in which the supporting member can
be arranged in the outer periphery of the frequency selective
reflector, and can be, for example, less than the wavelength
of the electromagnetic wave.

[0384] The supporting member is arranged in the outer
periphery of the frequency selective reflector, and for
example, may be arranged on a part of the outer periphery
of the frequency selective reflector, and may be arranged
entirely in the outer periphery of the frequency selective
reflector, but is preferably arranged entirely in the outer
periphery of the frequency selective reflector. By arranging
the supporting member entirely in the outer periphery of the
frequency selective reflector, deflection of the protective
member can be further suppressed even when the thickness
of the protective member is thin. In addition, the frequency
selective reflector can be sealed by the protective member
and the supporting member, and adhesion of foreign matter
to the frequency selective reflector, intrusion of moisture,
and the like can be suppressed.

[0385] In order to effectively support the protective mem-
ber, the supporting member may be arranged not only in the
outer periphery of the frequency selective reflector but also
in a region other than the outer periphery of the frequency
selective reflector.

[0386] When the supporting member is arranged in a
region other than the outer periphery of the frequency
selective reflector, the supporting member can be arranged
in a region other than the outer periphery of the frequency
selective reflector within a range in which the necessary
reflection properties can be ensured when the protective
member is arranged so as not to be in contact with the
frequency selective reflector in the case of the frequency
selective reflector of the first aspect.

[0387] When the supporting member is also arranged in a
region other than the outer periphery of the frequency
selective reflector, in the case of the frequency selective
reflector of the second aspect, the maximum thickness
portion of the dielectric layer may also serve as a supporting
member arranged in a region other than the outer periphery
of'the frequency selective reflector. Further, in the case of the
frequency selective reflector of the second aspect, the sup-
porting member and the dielectric layer arranged in the outer
periphery of the frequency selective reflector may be formed
together. On this occasion, in the dielectric layer, by arrang-
ing the maximum thickness portion of the dielectric layer so
as to surround the outer periphery of the dielectric layer, the
supporting member and the dielectric layer arranged in the
outer periphery of the frequency selective reflector can be
formed together. Also on this occasion, when the dielectric
layer includes individual cell regions separately formed and
the block-like cell regions are arranged as described above,
the layout of the maximum thickness portion in the dielectric
layer may be appropriately adjusted so that the outer periph-
eral portion of the entire reflecting structure functions as a
supporting member.

[0388] (2) Fixing Member

[0389] When the reflecting structure of the present disclo-
sure is used by being attached to, for example, a wall or the
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like, a fixing member having a mechanism for attaching the
reflecting structure may be arranged on a surface of the
frequency selective reflector that is opposite to the protective
member side. Also, in order to suppress interference
between the installation surface of the wall or the like and
the frequency selective reflector, the fixing member may
include a structure in which the distance between the instal-
lation surface and the frequency selective reflector may be
separated by a predetermined distance, and may include a
layer of a predetermined thickness having a dielectric con-
stant close to that of air. In order to inhibit interference
between the fixing member and the frequency selective
reflector, a metal layer may also be arranged between the
fixing member and the frequency selective reflector, and the
fixing member may also serve as a metal layer. In addition,
when the reflecting structure of the present disclosure is
attached to a wall or the like, the fixing member may have
a mechanism of making the angle in the normal direction of
the frequency selective reflector variable so that the devia-
tion between the designed incident direction and reflection
direction of the electromagnetic wave and the actual incident
direction and reflection direction of the electromagnetic
wave can be corrected.

[0390] (3) Sealing Member

[0391] In the present disclosure, a sealing member may be
arranged in the outer periphery of the reflecting structure.
When the supporting member is not arranged entirely in the
outer periphery of the frequency selective reflector, specifi-
cally in the case of the frequency selective reflector of the
first aspect when the protective member is arranged so as to
be in contact with the frequency selective reflector, or in the
case of the frequency selective reflector of the second aspect
when the individual cell regions are formed separately and
the block-like cell regions are arranged, by arranging the
sealing member in the outer periphery of the reflecting
structure, the intrusion of foreign matter, moisture, etc. from
the outer periphery of the reflecting structure can be sup-
pressed.

[0392] As the sealing member, for example, a general
caulking material, a barrier tape, or the like can be applied,
but is preferably non-conductive.

[0393] Incidentally, the present disclosure is not limited to
the embodiments. The embodiments are exemplification,
and any other variations are intended to be included in the
technical scope of the present disclosure if they have sub-
stantially the same constitution as the technical idea
described in the claims of the present disclosure and have
similar operation and effect thereto.

EXAMPLES

[0394] The present disclosure will be hereinafter

explained with reference to Examples.

Example 1

[0395] Simulation of the reflection properties of the fre-
quency selective reflector was performed. As the model used
in the simulation, as shown in FIG. 20A, the unit structure
of the dielectric layer included a thickness distribution in
which the thickness increases in one direction, and included
six cell regions of which thickness differs from one another,
and the dielectric layer was the one in which the unit
structure had a periodic structure repeatedly arranged in one
direction. Also, in the simulation, the reflecting member was

May 2, 2024

a model in which ring-shaped reflective elements were
regularly arranged, resonated at the frequency of the incident
wave, and reflected the electromagnetic waves at that fre-
quency. The following parameters were also used in the
simulation:

[0396] Frequency of the incident wave: 28 GHz
[0397] Incident angle of the incident wave: 0°, =10°
[0398] The desired reflection angle of the reflected

wave: 27°, 37°
[0399] The difference in relative reflection phase in
neighboring cell regions: 60°.
[0400] The results of the simulation are shown in FIG.
20B. Ifthe incident angle was 0°, which means the reflection
to incidence from the front direction 31, was shown in solid
line indicated as reference sign 32. Also, if the incident angle
was —10°, which means the reflection to incidence from
-10° direction 33, was shown in solid line indicated as
reference sign 34. It can be seen that when the incident angle
was 0°, it was reflected to the +27° direction from the regular
reflection direction, and when the incident angle was -10°,
it was reflected to the +37° direction from the regular
reflection direction.

Example 2

[0401] Simulation of the reflection properties of the fre-
quency selective reflector was performed. As the model used
in the simulation, as shown in FIG. 21A, the unit structure
of the dielectric layer included a thickness distribution in
which the thickness increases in one direction, and included
ten cell regions of which thickness differs from one another,
and the dielectric layer was the one in which the unit
structure had a periodic structure repeatedly arranged in one
direction. Also, in the simulation, the reflecting member was
a model in which ring-shaped reflective elements were
regularly arranged, resonated at the frequency of the incident
wave, and reflected the electromagnetic waves at that fre-
quency. The following parameters were also used in the
simulation:

[0402] Frequency of the incident wave: 28 GHz

[0403] Incident angle of the incident wave: 0°

[0404] The desired reflection angle of the reflected
wave: 16°

[0405] The difference in relative reflection phase in

neighboring cell regions: 36°.

[0406] The results of the simulation are shown in FIG.
21B. Ifthe incident angle was 0°, which means the reflection
to incidence from the front direction 35, was shown in solid
line indicated as reference sign 36. It can be seen that when
the incident angle was 0°, it was reflected to +16° direction
from the regular reflection direction. Also, the reflection
direction of FIG. 21B was closer to the regular reflection
direction compared to that of FIG. 20B. This is because the
unit structure of the dielectric layer in FIG. 20A had six cell
regions, whereas there were ten cell regions in FIG. 21A,
and the length of the unit structure in the predetermined
direction of increasing thickness was long.

Example 3

[0407] First, in accordance with the model of the reflecting
member of Example 1, a copper foil-attached PET film was
etched to create a reflecting member in which ring-shaped
reflective elements are regularly arranged. Also, a dielectric
layer was formed by a 3D printer in accordance with the
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model of the dielectric layer of Example 1. The dielectric
layer was then applied on the reflecting member to create a
frequency selective reflector.

[0408] The reflection properties of the frequency selective
reflector were measured using a compact range measure-
ment system and a network analyzer. The reflection prop-
erties of the frequency selective reflector of Example 3
substantially matched with the simulation results of
Example 1.

Example 4

[0409] The reflection phase was calculated for a frequency
selective reflector with a reflecting member including FSS
and a dielectric layer, using a general transmission line
equivalent circuit, as shown in FIG. 22, in the analysis of the
reflect array. The symbols in FIG. 22 are as follows:

[0410] ZVAC: A transmission line with a characteristic
impedance of air. The line length is a length obtained by
subtracting the thickness of the dielectric layer from a
phase observation surface set at any distance farther
than the top surface of the dielectric layer.

[0411] ZPC: A transmission line with a characteristic
impedance of a dielectric layer. The line length is the
thickness of the dielectric layer h.

[0412] r: Resistance of the ring-shaped reflective ele-
ment of the FSS.

[0413] L: The inductance of the ring-shaped reflective
element of the FSS.

[0414] C: Capacity of the ring-shaped reflective ele-
ment of the FSS.

[0415] ZPET: A transmission line having a dielectric
constant of a dielectric substrate on which the ring-
shaped reflective element of FSS is arranged. The line
length is the thickness of the dielectric substrate.

[0416] ZL.: The characteristic impedance of the space
on the back surface of the dielectric substrate. The
space is filled with air.

[0417] As a result, the reflection phase change due to the
resonance frequency shift caused by the superposition of the
dielectric layers of different thicknesses in the reflection
phase was at most several tens of degrees, which was around
25% of the maximum reflection phase 360°, and other
reflection phase changes were calculated to be due to
wavelength shortening in the dielectric layer. Further, even
if the positions of the reflecting member including the
frequency selective surface and the dielectric layer are
misaligned, the shift is equalized throughout the frequency
selective reflector, but it can be concluded that there is little
effect on the reflection direction given that the reflection
phase with the neighboring cell region may be equal to make
the reflected wave to be a plane wave.

Example 5

[0418] Simulation of reflection properties of the reflecting
structure was performed. As the model used in the simula-
tion, as shown in FIG. 23A, the unit structure of the
dielectric layer of the frequency selective reflector included
a thickness distribution in which the thickness increases in
one direction, and included six cell regions of which thick-
ness differs from one another, and the dielectric layer was
the one in which the unit structure had a periodic structure
repeatedly arranged in one direction. Also, in the simulation,
the reflecting member was a model in which ring-shaped
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reflective elements were regularly arranged, resonated at the
frequency of the incident wave, and reflected the electro-
magnetic waves at that frequency. Also, in the simulation,
following parameters were used for the frequency selective
reflector. Further, in the simulation, the thickness of the
protective member was Y3 to Vs of the effective wavelength
A, of the electromagnetic wave.

[0419] Frequency of the incident wave: 28 GHz

[0420] Incident angle of the incident wave: 0°

[0421] The desired reflection angle of the reflected
wave: 27°

[0422] The difference in relative reflection phase in

neighboring cell regions: 60°.

[0423] The results of the simulation are shown in FIG.
23B. FIG. 23C also shows the relationship between the
thickness of the protective member and the intensity ratio of
the reflected wave when the intensity of the reflected wave
when the protective member is not arranged is defined as 1.
If the thickness of the protective member was less than A../4,
the intensity ratio of the reflected wave was increased as the
thickness of the protective member decreases. Furthermore,
when the thickness of the protective member was A.,/15 or
less, the intensity ratio of the reflected wave was substan-
tially constant. This suggested that attenuation of electro-
magnetic waves can be suppressed by thinning the thickness
of the protective member to be less than A /4.

Example 6

[0424] Simulation of the reflection properties of the fre-
quency selective reflector was performed. As the model used
in the simulation, the unit structure of the dielectric layer
included a thickness distribution in which the thickness
increases in one direction, and included three, five, or eight
cell regions of which thickness differs from one another, and
the dielectric layer was the one in which the unit structure
had a periodic structure repeatedly arranged in one direction.
Also, in the simulation, the reflecting member was a model
in which ring-shaped reflective elements were regularly
arranged, resonated at the frequency of the incident wave,
and reflected the electromagnetic waves at that frequency.
Then, in the unit structure of the dielectric layer, the design
was performed so that the relative reflection phase of the
electromagnetic wave in each cell region was set to a
predetermined value.

[0425] Next, a dielectric layer was formed by a 3D printer
in accordance with the model of the dielectric layer based on
the design values described above.

[0426] For the obtained dielectric layer, FIG. 24A to 24C
show a graph setting: a horizontal axis as a relative position
when a central position in the predetermined direction of a
minimum thickness cell region is defined as 0, and a central
position of the predetermined direction of a maximum
thickness cell region is defined as 1; and a vertical axis as a
thickness ratio of each cell region with respect to a thickness
of the maximum thickness cell region when a thickness of
the minimum thickness cell region is defined as 0, and a
thickness of the maximum thickness cell region is defined as
1; in which a point corresponding to a central position of the
predetermined direction of each cell region and correspond-
ing to a thickness ratio of each cell region with respect to a
thickness of the maximum thickness cell region was plotted.
FIGS. 24A to 24C are respectively graphs in the case where
the number of cell regions configuring the unit structure of
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the dielectric layer was three, five, and eight. A regression
line was then determined from the graphs.

[0427] As shown in FIGS. 24A to 24C, the slope “a” and
the coefficient of determination R 2 of the regression line
were in the predetermined range in all cases.

[0428] The reflection properties of the frequency selective
reflector were also measured using a compact range mea-
surement system and a network analyzer. All of the reflec-
tion properties of the frequency selective reflectors approxi-
mately matched with the simulation results.

[0429] Therefore, it has been suggested that the desired
reflection properties are satisfied if the slope “a” and the
coeflicient of determination R? of the regression line are in
the predetermined range.

REFERENCE SINGS LIST

[0430] 1 frequency selective reflector

[0431] 2 reflecting member

[0432] 3 reflective element

[0433] 4 dielectric substrate

[0434] 5 dielectric layer

[0435] 6 adhesive layer

[0436] 7 reflective layer

[0437] 8 space

[0438] 10, 104, 105 unit structure

[0439] 11a to 11g, 12a to 12f; 13a to 13e cell region

[0440] 20 reflecting structure

[0441] 21 protective member

[0442] 22 protective sheet

[0443] 23 adhesive layer

[0444] 24 supporting member

[0445] D1 predetermined direction

[0446] L length of unit structure in predetermined direc-
tion in

[0447] which thickness increases

[0448] 11, t2, 13, t4, 15, t6 thickness of cell region

[0449] T thickness of protective member

1-19. (canceled)

20. A reflecting structure comprising:

a frequency selective reflector reflecting electromagnetic
waves in a particular frequency band to a direction
different from a regular reflection direction; and

a protective member arranged in an upper side of the
frequency selective reflector, wherein

a thickness of the protective member is less than %4 of an
effective wavelength of the electromagnetic waves
propagating in the protective member.

21. The reflecting structure according to claim 20,

wherein the frequency selective reflector includes, in an
order from the protective member side,

a dielectric layer including a concave and convex
structure in which a plurality of a unit structure
including a thickness distribution of increasing
thickness in a predetermined direction is arranged,
and transmitting the electromagnetic waves; and

a reflecting member reflecting the electromagnetic
waves,

wherein the unit structure of the dielectric layer includes
a plurality of cell regions of which thickness differs
from one another;
in each of the unit structure of the dielectric layer, in a

graph setting a horizontal axis as a length of the
predetermined direction of the unit structure, and
setting a vertical axis as a relative reflection phase
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when the electromagnetic waves are transmitted
through the dielectric layer, reflected by the reflect-
ing member and emitted to the protective member
side by being transmitted through the dielectric layer
again, in the graph, a value of the relative reflection
phase of the electromagnetic waves is over —-360°
and 0° or less, when a point corresponding to a
central position of the predetermined direction in
each cell region and corresponding to the relative
reflection phase of the electromagnetic waves in each
cell region are plotted, and a straight line passing
through a point corresponding to a minimum thick-
ness cell region having a minimum thickness is
drawn, each point is on a same straight line;
the dielectric layer includes, as the unit structure, at least
a first unit structure including three or more of the cell
region of which thickness differs from one another; and
a reflection direction of the electromagnetic waves is
controlled by controlling the relative reflection phase
distribution of the electromagnetic waves by the thick-
ness distribution of the dielectric layer.
22. The reflecting structure according to claim 20,

wherein the frequency selective reflector includes, in an
order from the protective member side,

a dielectric layer including a concave and convex
structure in which a plurality of a unit structure
including a thickness distribution of increasing
thickness in a predetermined direction is arranged,
and transmitting the electromagnetic waves; and

a reflecting member reflecting the electromagnetic
waves,

wherein the unit structure of the dielectric layer includes
a plurality of cell regions of which thickness differs
from one another;

in each of the unit structure of the dielectric layer, in a
graph setting: a horizontal axis as a relative position
when a central position in the predetermined direction
of a minimum thickness cell region having a minimum
thickness is defined as 0, and a central position of the
predetermined direction of a maximum thickness cell
region having a maximum thickness is defined as 1; and

a vertical axis as a thickness ratio of each cell region

with respect to a thickness of the maximum thickness

cell region when a thickness of the minimum thickness
cell region is defined as 0, and a thickness of the

maximum thickness cell region is defined as 1; when a

point corresponding to a central position of the prede-

termined direction of each cell region and correspond-
ing to a thickness ratio of each cell region with respect
to a thickness of the maximum thickness cell region is
plotted to obtain a regression line of a below formula

(D
y=ax M.

[Tt}

a slope “a” of the regression line is 0.7 or more and 1.2
or less, a coeflicient of determination of the regression
line is 0.9 or more; and

the dielectric layer includes, as the unit structure, at least
a first unit structure including three or more of the cell
regions of which thickness differs from one another.

23. The reflecting structure according to claim 20,

wherein the frequency selective reflector includes, in an
order from the protective member side,



US 2024/0145929 Al

a dielectric layer including a concave and convex
structure in which a plurality of a unit structure
including a thickness distribution of increasing
thickness in a predetermined direction is arranged,
and transmitting the electromagnetic waves; and
a reflecting member reflecting the electromagnetic

waves,

wherein the unit structure of the dielectric layer includes
a plurality of cell regions of which thickness differs
from one another;

in each of the unit structure of the dielectric layer, a
difference between a minimum thickness and a maxi-
mum thickness is 0.2 mm or more and 15 mm or less;
and

the dielectric layer includes, as the unit structure, at least
a first unit structure including three or more of the cell
regions of which thickness differs from one another.

24. The reflecting structure according to claim 23,
wherein the reflecting member is a frequency selective plate
reflecting only the electromagnetic waves.

25. The reflecting structure according to claim 24,
wherein the reflecting member includes a reflection phase
control function controlling a reflection phase of the elec-
tromagnetic waves.

26. The reflecting structure according to claim 20,
wherein the frequency selective reflector includes a reflect-
ing member reflecting the electromagnetic waves; and
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the reflecting member includes a reflection phase control
function controlling a reflection phase of the electro-
magnetic waves.

27. The reflecting structure according to claim 20,
wherein the protective member is supported by the fre-
quency selective reflector.

28. The reflecting structure according to claim 20,
wherein a supporting member is arranged in an outer periph-
ery of the frequency selective reflector, and the protective
member is supported by the supporting member.

29. The reflecting structure according to claim 20,
wherein the protective member includes, in an order from
the frequency selective reflector, an adhesive layer and a
protective sheet.

30. The reflecting structure according to claim 21,
wherein the reflecting member is a frequency selective plate
reflecting only the electromagnetic waves.

31. The reflecting structure according to claim 30,
wherein the reflecting member includes a reflection phase
control function controlling a reflection phase of the elec-
tromagnetic waves.

32. The reflecting structure according to claim 22,
wherein the reflecting member is a frequency selective plate
reflecting only the electromagnetic waves.

33. The reflecting structure according to claim 32,
wherein the reflecting member includes a reflection phase
control function controlling a reflection phase of the elec-
tromagnetic waves.



