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DESCRIPTION

TITLE OF INVENTION: FRESNEL LENS AND OPTICAL DEVICE
TECHNICAL FIELD

[0001] The present invention relates to a F resnel lens and an optical device.
BACKGROUND ART -

[0002] A Fresnel lens known in the related art includes a plurality of zone lenses

disposed in a concentric pattern (see patent literature 1).

CITATION

-PATENT LITERATURE

[0003] Patent Literature 1: Japanese Patent Gazette No. 3310460

SUMMARY OF THE INVENTION |

TECHNICAL PROBLEM

[0004] There is an issue with regard to the Fresnel lens known in the related art in that
light reflected and/br refracted at a side wall surface formed between adjacent zone lens
surfaces becomes conspicuous noise.

SOLUTION TO PROBLEMS

[0005] According to the first aspect of the present invention, a refractive Fresnel lens
used for an optical systerﬁ including an image plane, that includes: a plurality of zone lens
surfaces disposed concentrically; and a plurality of side wall surfaces each formed
between adjacent zone lens surfaces, wherein: the side wall surfaces are modulated so as

to spatially spread in the image plane noise light due to reflection and/or refraction at side

wall surfaces.

According to the second aspect of the present invention, in the Fresnel lens of the
first aspect, it is preferred that the side wall surfaces are modulated so that noise light
attributed to diffraction does not spatially concentrate along a direction in the image plane..

According to the third aspect of the present invention, in the Fresnel lens of the
second aspect, it is preferred that angles assumed by the side wall surfaces relative to an
optical axis are modulated. |

According td the fourth aspect of the present invention, in the Fresnel lens of the
second aspect, it is preferred that positions of a side wall surface are modulated along a
radial direction while the side wall surface sustains a constant angle relative to an optical
axis regardless of the positions thereof assumed along a circumferential direction.

According to the fifth aspect of the present invention, in the Fresnel lens of the

second aspect, it is preferred that an angle assumed by the side wall surface relative to an
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optical axis is periodically modulated in correspondence to positions thereof assumed

along a circumferential direction.

According to the sixth aspect of the present invention, in the Fresnel lens of the
second aspect, it is preferred that positions of a side wall surface are periodically
modulated along the radial direction in correspbndence to the positions thereof assumed
along the circumferential direction.

According to the seventh aspect of the present invention, in the Fresnel lens of

any one of the first through sixth aspects, it is preferred that the optical system is a human

eye, and the image plane is retina, and wherein the Fresnel lens is on at least one side of an

eye glass lens to be set for the eye, and the Fresnel lens includes a plurality of zone lens
surfaces disposed concentrically and a plurality of side wall surfaces each formed between
adjacent zone lens surfaces and side wall surface modulation is optimized so that noise
light due to reflection and/or refraction at the sidewalls is minimized in the image plane
for various eye gaze angles.

According to the eighth aspect of the present invention, in the Fresnel lens of the
seventh aspect, it is preferred that the side wall surfaces modulation is adjusted so as noise
light attributed to diffraction does not spatially concentrate on the retina after passing
through the iris of the eye.

According to the ninth aspect of the present invention, an optical device,
comprising: an imaging lens for forming an image on an image plane; an aperture that
restricts light passing through the imaging lens; and a Fresnel lens, wherein: the Fresnel
lens includes a plurality of zone lens surfaces disposed concentrically and a plurality of
side wall surfaces each formed between adjacent zone lens surfaces and that side walls
modulation is optimized so that noise light due to reflection and/or refraction at the side
walls is minimized in the image plane.

According to the tenth aspect of the present invention, in the optical device of the
ninth aspect, it is preferred that the side wall surface modulation is optimized so that the
noise light due to reflection and/or refraction at the sidewalls does not pass through the
aperture.

According to the eleventh aspect of the present invention, in the optical device of
the ninth aspect, it is preferred that the side wall surfaces modulation is adjusted so as
noise light attributed to diffraction does not spatially concentrate on the imaging plane
after passing through the aperture.

ADVANTAGEOUS EFFECT OF THE INVENTION
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[0006] According to the present invention, noise attributable to light reflected and/or

refracted at a side wall can be rendered less noticeable.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] (FIG. 1) FIG. 1A and FIG. 1B respectively show the Fresnel lens achieved in an

embodiment of the present invention in a top view and in a sectional view, with an
enlarged view of FIG. 1B presented in FIG. 1C.

(FIG. 2) FIG. 2A and FIG. 2B schematically illustrate the distribution of noise
light reaching the retina through the iris of an eye, observed when the Fresnel lens in the
embodiment of the present invention is used as an eyeglass lens.

(FIG. 3) FIG. 3A and FIG. 3B respectively show the Fresnel lens achieved in
variation 1 in a top view and in a sectional view, and FIG. 3C is an enlargement of FIG.
3B.

(FIG. 4) FIG. 4A and FIG. 4B respectively show the Fresnel lens achieved in
variation 2 in a sectional view.

(FIG. 5) FIG. 5 schematically illustrates an eyeglass lens that includes the Fresnel
lens achieved in the embodiment.

(FIG. 6) FIG. 6A and FIG. 6B respectively show a Fresnel lens in the related art
in a top view and in a sectional view.

(FIG. 7) FIG. 7 schematically illustrates the optical paths formed in conjunction
with the Fresnel lens used as aﬁ eyeglass lens.

(FIG. 8) FIG. 8 schematically illustrates the distribution of regular’ output light
and noise light reaching the retina through iris of an eye, observed when the Fresnel lens is
used as an eyeglass lens. |

(FIG. 9) FIG. 9 schematically illustrates the optical pathé formed in conjunction
with the Fresnel lens in the embodiment of the present invention used as an eyeglass lens.

(FIG. 10) FIG. 10 illustrates the Fresnel lens achieved in variation 5 in an
enlarged plan view.

(FIG. 11)FIG. 11 is a plan view of another variation of the present invention.

(FIG. 12)FIG. 12 is a plan view of yet another variation of the present invention.
DESCRIPTION OF EMBODIMENTS
[0008] The following is a description of an embodiment of the present invention given in
reference to drawings. The refractive Fresnel lens achieved in the embodiment, which is a
lens having a Fresnel lens surface formed on a concave surface of, for instance, a

meniscus lens, located toward the eye, and achieving either positive or negative refractive
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power, is used as an eyeglass lens or an imaging lens. Before describing the Fresnel lens

in the embodiment in specific detail, a problem arising when a Fresnel lens in the related
art is used as an eyeglass lens will be explained. FIGS. 6A and 6B respectively present a
schematic top view and a schematic sectional view of an example of the related art, i.e., a
Fresnel lens 1. It is to be noted that FIGS. 6A and 6B show part of the Fresnel lens 1. The
Fresnel lens 1, adopting a structure achieved by disposing on a flat plane separate
concentric parts that form the lens surface of a concave lens, includes a plano-concave
central lens 3 with an optical axis Ax passing through the center O thereof and a plurality
of zone lenses 4 (41, 4,, 43 ..., 4,) disposed further outside of the central lens 3 and
concentrically relative to the optical axis Ax. A plurality of side walls 5 (51, 52, 53, ..., 54),
are formed between the central lens 3 and a zone lens 4 and between adjacent zone lenses
4 so as to connect the central lens 3 and the zone lens 4 and connect one zone lens 4 with
the next zone lens 4. It is to be noted that the Fresnel lens 1 may be manufactured by
injection-molding of a polymer material in a die. In order to ensure that the molded
product can be easily disengaged from the die, the side walls 5 are made to incline with a
predetermined angle relative to the optical axis Ax.

[0009] FIG. 7 schematically illustrates the optical paths of light traveling through the
Fresnel lens 1 used as an eyeglass lens. As shown in FIG. 7, iﬁcoming light 11 having
entered the Fresnel lens 1 is refracted at the central lens 3 or the zone lenses 4 and is
oﬁtput as regular outgoing light 12, which then enters an eye 20 of the eyeglass wearer.
However, some of the incoming light 11 is reflected at the side walls 5 and outgoes the
Fresnel lens 1 as noise light 13. Depending upon the angle at which the noise light 13
outgoes the Fresnel lens 1, the noise light 13 may enter the eye 20 of the eyeglass wearer
through an iris 30 of the eye 20. It is to be noted that FIG. 7, showmg the Fresnel lens
surface located on the object side of the meniscus lens and the eye-side surface taking on a
flat contour, provides a simple illustration of the conditions of various light beams
including the initial light transmitted through the Fresnel lens surface and the noise light
occurring at the side wall surfaces 5 in a typical example. As an alternative to this example,
the Fresnel lens surface may be formed at the concave surface located toward the eye, as
will be explained later in reference to FIG. 5.

[0010] FIG. 8 schematically illustrates the distribution of the regular outgoing light 12
and the noise light 13 reaching the retina through the iris 30 of the eye 20. In the example
presented in FIG. 8, light output from a point light source enters the Fresnel lens 1. In this

situation, an image of the point light source is formed on the retina with the regular
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outgoing light 12. The noise light 13, having reached the retina, on the other hand, forms

circular arcs corresponding to the contour of the side walls 5. As a result, the eyeglass
wearer is bound to see the noise light 13 as circular arc lines in addition to the image of
the point light source formed with the regular outgoing light 12. o

[0011] As long'as the angle of incidence at which the light 11 enters the Fresnel lens 1 is
constant, the entry of the noise light 13 into the iris 30 of the eye 20 of the eyeglass wearer
can be prevented by adjusting the angle formed by the side walls 5 relative to the optical

axis Ax (hereafter may be referred to as an angle of inclination) and thus adjusting the

~outgoing angle at which the noise light 13 outgoes the Fresnel lens 1. However, under

normal circumstances, eye glasses are worn in an environment where the incoming light
11 enters the eyeglass lenses (the Fresnel lens 1 in this example) at varying angles. Also,
eyeball can rotate at wide gaze angles. This means that the angle of inclination of the side
walls 5, adjusted to the optimal value at which noise light 13 is not allowed to enter the
eye 20 at all in correspondence to a given angle of incidence, may actually result in more
noise light 13 entering the eye 20 at either another angle of incidence or a different eye
gaze angle. In other words, it is extremely difficult to adjust the angle of inclination of the
side walls 5 so as to completely disallow entry of all the noise light 13 into the eye 20 of
the eyeglass wearer.

[0012] Bearing this challenge in mind, the Fresnel lens in the embodiment adopts a
specific structure that renders noise light reflected at the side walls less noticeable. The
following is a description of the Fresnel lens achieved in the embodiment. FIG. 1A and
FIG. 1B schematically illustrate a Fresnel lens 100 achieved in the embodiment
respectively in a top view and in a sectional view, with part of FIG. 1B shown in an
enlargement in FIG. 1C. It is to be noted that FIGS. 1A, 1B and 1C ohlj} show part of the
Fresnel lens 100. As is the Fresnel lens 1 in the related art described earlier, a Fresnel lens
100 achieved in the embodiment is a concave lens, the lens surface of which is formed
with separate lens elements disposed concentrically over a flat plane. As does the Fresnel
lens 1, it includes a plano-concave central lens 103 with an optical axis Ax passing |
through the center O thereof and a plurality of zone lenses (zone lens surfaces) 104 (104,,
104,, 104,, ..., 104,) disposed further outside relative to the central lens 103 and
concentrically to the optical axis Ax. A plurality of side walls (side wall surfaces) 105
(105, 1055, 105s, ..., 105,), are formed between the central lens 103 and a zone lens 104
and between adjacent zone lenses 104 so as to connect the central lens 103 and the zone

lens 104 and connect one zone lens 104 with the next zone lens 104.
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[0013] However, the Fresnel lens 100 in the embodiment differs from the Fresnel lens 1

in the related art in that the side wall surfaces 105, viewed from above (viewed along the
direction in which the optical axis Ax extends), each achieve a perfectly circular contour
centered on the optical axis Ax at a bottom portion 105b thereof. A top portion 105t of
each side wall surface 105, on the other hand, has a wavy circular contour achieved by
periodically modulating a circle centered on the optical axis Ax, as illustrated in FIG. 1A.
It is to be noted that the description is provided by assuming that the top portion 105t,
present in the area where a zone lens 104 merges with a side wall surface 105, is located
on the side further away from a surface 106 of the Fresnel lens 100, at which the zone
lenses 104 and the side wall surfaces 105 are not formed (hereafter referred to as a back
surface 106) and that the bottom portion 105b is located on the side closer to the back
surface 106. |

[0014] - This wavy circular contour formed at the top portion 105t is achieved by
periodically altering the angle of inclination 6 of the side wall surface 105 at specific
positions taken along the circumferential direction, instead of allowing the side wall
surface 105 to sustain a constant angle of inclination through the entire circumference. In
more specific terms, the angle of inclination 6 of the side wall surface 105 at a given
position P may be expressed as in (1) below. It is to be noted that a, f, vy and f in
expression (1) respectively represent a reference angle of inclination, an angular amplitude
relative to the reference angle of inclination, the initial phase and the number of change
cycles (frequency) occurring within the full circumference. It is assumed that a, B, yand f

each take a constant value for a sidewall in the embodiment. In addition, ¢ in expression

(1) represents the argument (the angle formed by a half line OP starting from an end point

~ assumed at the origin point O and passing through the position P) relative to a polar axis

OX measured for the position P indicated by coordinates in a polar coordinate system, the
origin point of which is set at the center O.

0(d)=a + B x¥(l-cos (fxd +7v)... (1)

[0015] Namely, the angle of inclination 8 of the side wall surface 105, is modulated with
a sine function that takes the argument ¢ as a variable so that the change thereof is
centered on the reference angle of inclination a. FIG. 1C provi‘des a schematic illustration
showing how the side wall surface 105 may be modulated. The side wall surface 105 is
adjusted, in correspondence to its position along the circumferential direction, within the

range between the side wall surfaces 105 indicated with the solid line in FIG. 1C and the
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side wall surface 105 indicated with the dotted line in FIG. 1C. In addition, the Fresnel

lens 100 is configured by splitting the lens surface of a concave lens in a concentric
pattern and disposing the split portions on a flat plate, as has been described earlier. While
the angle of inclination of the side wall surfaces 105 is modulated in the Fresnel lens 100,
the zone lens surfaces 104 retain the contours forming that part of the lens surface of the
concave lens (i.e., the initial concave lens). _

[0016] Itis to be noted that the Fresnel lens 100 achieving such a contour or a die to be
used to manufacture the Fresnel lens 100 may be formed through, for instance, lathing.
[0017] FIG. 9 schematically illustrates the optical paths that are formed when the Fresnel
lens 100 in the embodiment is used as an eyeglass lens. As shown in FIG. 9, initial light
fluxes (regular exiting light) 12 having been transmitted through the zone lens surfaces
104 of the Fresnel lens 100 then pass through the iris 30 and form an image on the retina
of the eye 20. The side wall surfaces 105 of the Fresnel lens 100 are modulated so that the
noise light 13 due to reflection and/or refraction at the side wall surfaces 105 is directed to
travel outside of the eye iris (pupil) 30. In other words, the side wall surfaces 105 are
modulated and optimized so that the noise light 13 occurring at the side wall surfaces 105
do not reach the eye or are blocked by the eye iris 30. This means that the noise light 13 is
rarely allowed to reach the retina of the eye 20 and thus, the adverse effect of noise light
reaching the image formed on the retina of the eye 20 is greatly reduced.

[0018] FIG. 2A and FIG. 2B schematically illustrate the distribution of noise light 13
that is reflected at a side wall surface 105 and then reaches the retina through the iris of an
eye of an eyeglass wearer observed when the Fresnel lens 100 in the embodiment is used
as an eyeglass lens. It is to be noted that FIG. 2A and FIG. 2B only show noise light
reflected and/or refracted at a single side wall surface 105 so as to simplify the illustration.
In FIG. 2A, the solid lines indicate noise light 13 having entered the eyes and the dotted
lines indicate noise light that has not entered the eye. In addition, the angular amplitude §
and the frequency f of the periodical modulation applied to achieve the wavy circular
contour at the top portion 105t of the side wall surface 105 in the example presented in
FIG. 2A are different from the angular amplitude B and the frequency f of the periodical
modulation applied to achieve the wavy circular contour at the top portion 105t of the side
wall surface 105 in the example presented in FIG. 2B. Namely, a greater angular
amplitude B of periodical modulation is assumed at the side wall surface 105 in FIG. 2A
compared to that in FIG. 2B. In addition, a higher frequency f of periodical modulation
is assumed at the side wall surface 105 in FIG. 2B compared to that in FIG. 2A.
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According to the ray tracing simulation software developed by us, we confirmed the

simulated noise light distribution on the retina shown in FIG.2A or FIG.2B is well
consistent with the simulation result.

[0019] In the example presented in FIG. 2A, with a greater angular amplitude p of
periodical modulation assurnéd at the side wall surface 105, the angle of inclination 0
changes greatly and thus the outgoing angle at which the noise light 13 outgoes the
Fresnel lens also changes greatly through the full circumference of the side wall surface
105. As a result, noise light 13 reflected at some positions does not enter the eye of the
eyeglass wearer. Thus, while the noise light 13 reflected at side walls 5 of the Fresnel lens
1 in the related art forms continuous circular arc lines simulating the contour of the sidé
walls 5 as shown in FIG. 8, the noise light 13 forms a disjoined contour, i.e., the wavy
circular contour of the side wall surface 105 is reproduced with missing portions, in the
example presented in FIG. 2A. Namely, while the part of the noise light 13 indicated by
the solid lines in FIG. 2A, which is allowed to enter the eye, is visible to the eyeglass
wearer, the part of the noise light 13 indicated by the dotted lines in FIG. 2A does not
enter the eye due to the modulation effect and thus remains invisible to the eyeglass
wearer. This means that the noise light 13 can be rendered less noticeable to the eyeglass
wearer in the eXample presented in FIG. 2A compared to the related art.

[0020] In addition, in the example presented in FIG. 2B, with a higher frequency f of
periodical modulation assumed at the side wall surface 105, a change occurs over a greater
number of cycles through the full circumference of the side wall surface 105, causing
scattering of the noise light 13. Thus, while the noise light 13 concentrates in a circular arc
pattern resembling the contour of the side walls 5 at the Fresnel lens 1 in the related art, as
indicated in FIG. 8, the noise light 13 spreads in a band in the example presented in FIG.
2B. This means that the brightness per unit area of the noise light 13 having reached the
retina is lower compared to that in the related art, thereby rendering the noise light 13 less
noticeable to the eyeglass wearer. | )
[0021] The noise light 13 occurring as light is reflected at the side wall surfaces 105 of
the Fresnel lens 100 achieved in the embodiment is thus rendered less noticeable |
compared to noise light occurring at the Fresnel lens 1 in the related art.

[0022] In addition, the contour of the side wall surfaces 105 (the outline of the zone lens
surfaces 104) are less noticeable to a third party looking at the wearer of the eyeglasses

with the Fresnel lenses 100 in the embodiment compared to the contour of the side walls
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in the Fresnel lens 1 in the related art. Thus, the appearance ot the eyeglass wearer viewed

by a third party is likely to improve.

[0023] 1t is to be noted that a plurality of side wall surfaces 105, formed at positions
closer to the center O through positions closer to the outer circumference of the Fresnel
lens 100 in the embodiment, may all assume the wavy circular contour or only some of the
side wall surfaces 105 may assume the wavy circular contour. In éddition, the reference
angle of inclination a, the angular amplitude §, the phase y and the frequency f of
periodical modulation applied to achieve the wavy circular contour may vary from one
side wall surface 105 to another or matching reference angle of inclination o, angular
amplitude B and frequency f of periodical modulation may be assumed for all the side wall
surfaces 105.

[0024] The following advantage is achieved through the embodiment described above.

In the Fresnel lens 100 that includes a plurality of zone lens surfaces 104 set in a
concentric pattern and a plurality of side wall surfaces 105 each formed between one zone
lens surface 104 and the next zone lens surface 104, the side wall surfaces 105 modulation
is optimized so that noise light occurring at the side wall surfaces 105 is directed to travel
outside an optical system or be blocked by apertures. Thrdugh these measures, noise light,
attributable to light reflected and/or refracted at the side wall surfaces 105, entering the
retina through the iris of the eye can be rendered less noticeable.

[0025] (Variation 1)

In the embodiment described above, the side wall surfaces 105, viewed from
above, each assume a perfectly circular contour centered on the optical axis Ax at the
bottom portion 105b thereof and assume a wavy circular contour, which is achieved by
periodically modulating a circle centered on the optical axis Ax at the top portion 105t
thereof. As an alternative, a side wall surface 105, viewed from above, may assume a
perfectly circular contour centered on the optical axis Ax at its top portion 105t and |
assume a wavy circular contour, which is achieved by periodically modulating a circle
centered on the optical axis Ax, at the bottom portion 105b.

[0026] As a further altemaﬁve, a side wall surface 105, viewed from above, may assume
a wavy circular contour achieved by periodically modulating a circle centered on the
optical axis Ax, both at the top portion 105t and the bottom portion 105b thereof. An
example of a structure that may be adopted for such a Fresnel lens 200 is schematically
illustrated in a top view and a sectional view provided respectively in FIG. 3A and FIG.

3B. In addition, a partial enlargement of FIG. 3B is provided in FIG. 3C.
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[0027] The distance (radius) rt between a given position Pt taken at the top portion 105t

of a side wall surface 105 and the center O of the Fresnel lens 200 may be expressed as in
(2) below. In addition, the distance (radius) b between a given position Pb taken at the
bottom portion 105b of a side wall surface 105 and the center O may be expressed as in
(3) below. It is to be noted that in expressions (2) and (3), Ct and Cb respectively represent
the reference radii measured at the top portion 105t and at the bottom portion 105b, At and
Ab respectively represent the radius amplitudes relative to the reference radii at the top
portion 105t and the bottom portion 105b, y and f represents respectively the initial phase
and the number of cycles (frequency) occurring through the full circumference. In addition,
¢ in expressions (2) and (3) represents the argument (the angle formed by a half line OP
starting from an end point assumed at the ori giﬁ point O and passing through the position
Pt or the position Pb) relative to the polar axis OX measured for the position Pt or Pb
indicated by coordinates in a polar coordinate sys/tem, the origin point of which is set at
the center O.

it (p)=Ct +Atx¥%a[l—cos (fxd +v)]...(2)

b ($)=Cb+Ab x%[1—cos (fxd +v)] ... (3)

[0028] Namely, the radii rt‘and rb at the top portion 105t and the bottom portion 105b of
the side wall surface 105 are modulated with a cosine function that includes the argument
¢ as a variable so that the changes in the radii center on the reference radii Ct and Cb
respectively. |

[0029] In addition, while the amplitude, the cycle and the phase of the periodical
modulation applied so as to achieve the wavy contour at the top portion 105t of the side
wall surface 105 match those of the periodical modulation applied to achieve the wavy
contour at the bottom portion 105b and thus, the side wall surface 105 sustains a constant
angle of inclination 6 through the entire circumference in the Fresnel lens 200 shown in
FIGS. 3A and 3B. In addition, the position of the side wall surface 105 is periodically
modulated along the radial direction in correspondence to its position along the
circumferential direction. FIG. 3C schematically illustrates how such modulation may be
achieved. In correspondence to its position along the circumferential direction, the side
wall surface 105 undergoes a parallel translation along the zone lens surface 104 within
the range between the side wall surface 105 indicated with the solid line in FIG. 3C and
the side wall surface 105 indicated with the dotted line in FIG. 3C. In the Fresnel lens 200

described above, the positions of the side wall surfaces 105 are modulated along the radial
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direction while the side wall surfaces 105 sustain a constant angle of inclination6;

regardless of their positions along the circumferential direction. In addition, as is the
Fresnel lens 100 described earlier, the Fresnel lens 200 is configured by splitting the lens
surface of a concave lens in a concentric pattern and disposing the split portions on a flat
plate. While the side wall surfaces 105 are modulated in the Fresnel lens 200, the zone
lens surfaces 104 retain the contours that form part of the lens surface of the concave lens
(i.e., the initial concave lens).

[0030] However, the present invention is not limited to this example and the amplitude,
the cycle and the phase of the periodical modulation applied to achieve the wavy contour
at the top portion 105t may be different from those of the periodical modulation applied to
achieve the wavy contour at the bottom portion 105b, i.e., the side wall surface 105 does
not have to sustain a constant angle of inclination through its entire circumference.

[0031] Tt is to be noted that the Fresnel lens 200 achieving such a contour or a die to be
used to manufacture the Fresnel lens 200 may be formed through, for instance, lathing. It
has been shown, based upon optical calculation results, that a noise light dispersing effect
is achieved in a Fresnel lens 200 with the height of the side wall surfaces 105 thereof set
to an optimal value, even when the amplitude of the periodical modulation at the side wall
surfaces 105 is as little as 10 um.

[0032] It is to be noted that the plurality of side wall surfaces 105, formed at positions
closer to the center O through positions closer to the outer circumference of the Fresnel
lens 200 in variation 1, may all assume the wavy circular contour or only some of the side
wall surfaces 105 may assume the wavy circular contour. In addition, the amplitudes At
and Ab and the frequency f of the periodical modulations applied to achieve the wavy
circular contour may vary from one side wall surface 105 to another or matéhirig |
amplitude At and Ab and freciuency f of periodical modulation may be assumed for all the
side wall surfaces 105.

[0033] (Variation 2)

A side wall surface 105 with at least either the top portion 105t or the bottom
portion 105b thereof assuming a wavy circular contour achieved by periodically
modulating a circle centered on the optical axis Ax may incline with the angle of
inclination 0 that is continuously altered from the fop portion 105t through the bottom
portion 105b of the side wall surface 105, as illustrated in FIG. 4A or 4B. It is to be noted
that FIG. 4A presents an example of a side wall surface 105 with the angle of inclination 0

thereof, set at a smallest value at the top portion 105t, gradually increasing toward the
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bottom portion 105b, whereas FIG. 4B presents an example of the side wall surface 105-

with the angle of inclination 0 thereof periodically changing as it ranges from the top
portion 105t thereof toward the bottom portion 105b.

[0034] By continuously altering the angle of inclination 6 of the side wall surface 105 as
it ranges from the top portion 105t thereof toward the bottom portion 105b thereof, as in
these examples, noise light can be spread in wider bands, rendering the noise light even
less noticeable to the eyeglass wearef.

[0035] Itis to be noted that the Fresnel lens achieved in variation 2 having such a
contour or a die to be used to manufacture the Fresnel lens in variation 2 may be formed
through, for instance, lathing.

[0036] (Variation 3)

While the angular amplitude §§ and the frequency f of the periodical modulation
applied at the side wall surface 105 in the embodiment described earlier are constant, the
present invention is not limited to this example and instead, the modulation applied at the
side wall surface 105 may be an amplitude modulation through which the angular
amplitude B is continuously altered, a frequency modulation through which the frequency
f is continuously altered or a modulation through which the angular amplitude f or the
frequency f is randomly altered. However, a better throughput is assured when a Fresnel
lens or a die used to manufacture é Fresnel lens is formed through lathing by selecting a
uniform angular amplitude f in a uniform frequency f for the periodical modulation
applied at the side wall surface 105. It is possible that noise attributable to light reflected
and /or refracted at a side wall can be rendered less noticeable in case that the fluctuation
of amplitude modulation is less than + 10 % of local width of the zone lens surfaces or the
frequency index modulation is less than 200%. ' -

[0037] (Variation 4)

The Fresnel lens according to the present invention described above may be
utilized as an eyeglass lens. FIG. 5 is a schematic illustration of an eyeglass lens 50 that
includes the Fresnel lens according to the present invention. The eyeglass lens 50 is a
meniscus lens with the Fresnel lens according to the present invention formed at the
surface toward the eyeball. In this case, the surface carrying the Fresnel lens is not limited
to a flat surface. It is available to adapt the Fresnel lens to a concave surface or a convex
surface. The Fresnel lens can be in the front and/or back surface. Also, the zones lenses
can have a concave or convex shape. It is to be noted that the Fresnel lens according to the

present invention may be used in other optical devices (e.g., optical systems such as a
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magnifying glass or an eyepiece lens), instead of an eyeglass lens. For instance, the

Fresnel lens 100 according to the present invention may be used in an optical device that
includes a photographic lens and an aperture that restricts light passing through the
photographic lens. In an optical device achieved in such an application, the eye 20 and the
iris 30 shown in FIG. 5 will 'respectively éorrespond to the photographic lens and the
aperture. The optical device achieved in an embodiment of thé present invention will
fulfill functions that will be described in reference to the light beams shown in FIG. 9.
Namely, the initial light beams 12, having been transmitted through the zone lens surfaces
104 of the Fresnel lens 100, pass through the aperture (iris) 30 and form an image on the
imaging surface (retina). The side wall surfaces 105 in the Fresnel lens 100 according té
the present invention are modulated and optimized so that noise light 13 occurring at the
side wall surfaces 105 does not pass through the aperture (iris) 30. This means that the
noise light 13 occurring at the side wall surfaces of the Fresnel lens 100 is not allowed to
pass through the aperture (iris) 30 and thus, the noise light 13 never reaches the imaging
surface (retina) through the photographic lens (eye) 20. As a result, the adverse effect of
noise light reaching the image formed on the imaging surface (retina) can be greatly
reduced.

[0038] To describe this aspect of the Fresnel lens according to the present invention in
further details, the side wall surfaces are modulated and optimized so that noise light due
to reflection and/or refraction at the side wall surfaces 105 does not generally pass through
the iris 30 (or the aperture in the optical device in variation 4). In addition, the side wall
surfaces 105 are modulated so that noise light due to diffraction does not concentrate
along a specific direction, i.e., onto the imaging surface (i.e., the retina or the imaging
surface). o ' - -

[0039] (Variation 5)

If the zone lens surfaces 104 in the Fresnel lens according to the present invention
described above are set with small pitches, diffracted light of a plurality of orders other
than the Oth order light (+1st order light, &+ 2nd order light,...,) emitted due to the
diffraction effect, may become noise visible to the eyeglass wearer. Accordingly, the
Fresnel lens described earlier may be configured by taking further measures so as to
minimize noise attributable to diffracted light. In more specific terms, since the intensity
of the diffractive light increases if the zone lens surfaces 104 are set over equal intervals,

the zone lens surfaces 104 should be set with irregular pitches so as to reduce the intensity
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of the diffracted light, level out the diffracted light intensity levels and thus lower the

peak.

[0040] FIG. 10 illustrates a Fresnel lens 300 configured so as to attenuate noise due to
diffracted light. FIG. 10 shows the rhodulated side wall surfaces 105 as straight shape to
facilitate an explanation in an enlargement of part of the top surface of the Fresnel lens
300. It is to be noted that except for the feature that will be described below, the Fresnel
lens 300 is structurally similar to the Fresnel lens 200 described earlier in reference to |
variation 1. Based upon the results obtained through rigorous optical calculation,

periodical modulation is applied with regard to the positions of the side wall surfaces 105

_in the Fresnel lens 300 in the embodiment so that different initial phases are assumed from

one side wall surface to another in order to ensure that the distance between adjacent side
wall surfaces 105 facing each other across an optical surface are set non-constant. To
describe this concept in terms of the functions of an optical grating, when all the grooves,
not just consecutive grooves, are formed over uniform intervals and are parallel to each
others, very dense diffracted light peaks (i.e., noise light) are formed. In order to lessen the
extent of such diffraction effect, grooves can be formed at non uniform intervals and tilted
from one each other. In the embodiment, it can be done by offsetting the initial phases of
individual side walls sharing a given frequency or by modulating adjacent side wall
surfaces at frequencies that do not share a common divisor (hereafter referred to as
frequency represented by values coprime to each other), so as to disallow generation of |
diffracted light along a specific direction. It will be obvious that the initial phases may
also be offset in conjunction with frequencies represented by values coprime to one
another. _ |

[0041] By modulating the individual side wall surfaces 105 with varying modulation
frequencies, amplitudes or varying initial phases as described above, the zone lens
surfaces 104 can be set with locally irregular shapes and, as a result, noise peaks

attributable to diffracted light can be reduced. It is to be noted that in addition to the

modulation frequency, at least either the amplitude or the phase may be varied from one

side wall surface 105 to the next side wall surface 105.

[0042] FIG. 11 is a plan view of a Fresnel lens 400 achieved in another variation of the
present invention. The plan view in FIG. 11 shows a Fresnel lens 400 having each pair of
side wall surfaces 105 located on the two sides of a given zone lens surface 104 (i.e.,
located on the inner side and on the outer side) modulated with the same frequency f but

having an initial phase difference of 180deg. Otherwise, the Fresnel lens 400 assumes a
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basic structure corresponding to that of the Fresnel lens 100 shown in FIG. 1A. FIG. 12 is

a plan view of a Fresnel lens 500 achieved in yet another variation of the present invention.
While the initial modulation values pertaining to the modulation applied at the side wall
surfaces 105 located on the two sides of each zone lens surface 104, (i.e., located on the
inner side and on the outer side of the zone lens surface 104) are also out of phase by
180deg in the Fresnel lens 500 shown in the plan view in FIG. 12, the basic structure of
the Fresnel lens 500 corresponds to that of the Fresnel lens 200 shown in FIG. 3A.
[0043] The phase difference between adjacent side wall surfaces 105 is set to 180deg in
the variations shown in FIG. 11 and FIG. 12. This represents the maximum out of phase
situation. In practical application, it is effective to have at léast 30deg initial phase
difference between adjacent side wall surfaces 105.

[0044] In short when the area on the Fresnel lens, through which light flux for forming
an .image of a point object on the retina paéses, includes plural zone lens surfaces, the
frequency, the amplitude and relative phase of modulation on each side wall would be
selected so that the local width of the zone lens surfaces 104 change by approximately
10%. Through these measures, noise due to diffracted light can be reduced even more
effectively. |

[0045] The embodiments described above and vériations thereof are simply provided as
examples and the present invention is in no way limited to the particulars of these
examples. In addition, other modes of embodiment conceivable within the technical scope
of the present invention are all within the scope of the present tension.

[0046] The disclosure of the following priority application is herein incorporated by
reference: _

International Application No. PCT/JP2012/081718 Filed November 30, 2012
(Explanation of reference numerals)

[0047]

1, 100, 200, 300, 400, 500... Fresnel lens

104 ... zone lens (zone lens surface)

105 ... side wall portion (side wall surface)

20... eye (photographic lens)

30... iris (aperture)

50 ... eyeglass lens
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Listing of Claims:

1. A Fresnel lens for use in an optical system
including an image plane,

the Fresnel lens being constructed as a refractive
optical element with respect to visible light, and comprising:

a plurality of annular zone lens surfaces disposed

concentrically: and

a plurality of side wall surfaces each formed between
adjacent annular zone lens surfaces, the side wall surfaces
generating noise lights due to reflection and/oxr refraction of
light incident at varying angles on the side wall surfaces,

wherein the side wall surfaces are modulated so as to

spatially spread the noise lights in the image plane.

2. The Fresnel lens according to claim 1, wherein:
the side wall surfaces are modulated so that noise light
attributed to diffraction does not spatially concentrate along

a direction in the image plane.

3. The Fresnel lens according to claim 2, wherein:
an angle assumed by each said side wall surface relative
to an optical axis is modulated in correspondence with

position along a circumferential direction.

4, The Fresnel lens according to claim 2, wherein:
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a position of each said side wall surface is modulated
along a radial direction while maintaining a constant angle
relative to an optical axis regardless of position along a

circumferential direction.

5. The Fresnel lens according to claim 3, wherein:
the angle assumed by each said side wall surface relative
to the optical axis is periodically modulated in

correspondence with position along a circumferential direction,

and

an inclination 8 of each said side wall surface at a
given position (P) is expressed by the following expression
(1):

© (@) =a+Bx1-2 [ 1-cos(fExop+vy)] -~ (1)

where o, B, Yy and f respectively represent a reference
angle of inclination, an angular amplitude relative to the
reference angle of inclination, an initial phase and a number
of change cycles (frequency)voccurring within a full
circumference, and ¢ represents an angle formed by a half line
(OP) starting from an end point at an origin point (0) and
passing through the position (P) relative to a polar agis {0X)
in a polar coordinate system having the origin point (0) set

at a center of the Fresnel lens.

6. The Fresnel lens according to claim 4, wherein:
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the position of each said side wall surface is
periodically modulated along the radial direction, and

a distance (radius) rt between a given position (Pt)
taken at a top portion of the side wall surface and a center
of the Fresnel lens is expressed by the following expression
(2), and a distance (radius) rb between a given position (Pb)
taken at a bottoem portion of the side wall surface and the
center of the Fresnel lens is expressed by the following
expression (3):

rt (p) =Ct +At = 1.2 [ 1 -~ cos(f x @ + ¥v)] .. (2)

rb (¢) = Cb +-Ab * 1,2 [ L - cos (E x @ +y)] .. (3)

where Ct and Cb respectively represent reference radii of
the top portion and the bottom portion, At and Ab respectively
represeht radius amplitudes relative to the reference radii at
the top portion and the bottom portion, Yy and f respectively
represent an initial phase and a number of cycles (frequency)
occurring through a full circumference, and ¢ represents an
angle formed by a half line (OP) starting from an end point at
an origin point (O) and passing through the position (Pt) or
the position (Pb) relative to a polar axis (0X) in a polar
coordinate system having the origin point (0) set at the

éenter of the Fresnel lens.

7. The Fresnel lens according to claim 1, wherein:
the optical system is formed by an eyeglass lens with a

human eye, the image plane is a retina of the human eye, the
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plurality of zone lens surfaces and the plurality of side wall
-surfaces include zone lens surfaces and side wall surfaces
formed on at least one side of the eyeglass lens, and

side wall surface modulation is optimized so that the
noise light due to reflection and/or refraction at the side

wall surfaces is minimized at the retina for various eye gaze

angles.

8. The Fresnel lens according to claim 7, wherein:
the side wall surface modulation is adjusted so that
noise light attributed to diffraction does not spatially

concentrate on the retina after passing through an iris of the

human evye.

9. An optical device, comprising:

an imaging lens for forming an image on an image plane;

an aperture that restricts light passing through the
imaging lens:; and

a Fresnel lens, wherein:

the Fresnel lens is constructed as a refractive optical
element with respect to visibleé light, and includes a
plurality of annular zone lens surfaces disposed
concentrically and a plurality of side wall surfaces each
formed between adjacent annular zone lens surfaces, the side

wall surfaces generating noise lights due to reflection and/or
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refraction of light incident at varying angles on the side

wall surfaces,

wherein the side wall surfaces are modulated, and the

modulation is optimized so as to minimize the noise lights in

the image plane.

10. The optical device aécording to claim 9, wherein:
the side wall surface modulation is optimized to

substantially prevent the noise light from passing through the

aperture.

11. The optical device according to claim 9, wherein:
the side wall surface modulation is adjusted so that
noise light attributed to diffraction does not spatially

concentrate on the image plane after passing through the

aperture.

12. 7The Fresnel lens according to claim 2, wherein:

each said side wall surface has a bottom portion in the
fofm of circular contour centered on the optical axis and a
top portion in the form of wavy circular counter constituted

by a periodically modulated circle centered on the optical

axis.

13. The Fresnel lens according to claim 2, wherein:
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adjacent side wall surfaces are modulated by a same

frequency and have different phases.

14. The Fresnel lens according to c¢laim 13, wherein:
a phase difference between the adjacent side wall

surfaces is at least 30 degrees.

15. The Fresnel lens according to claim 1, configured as

a meniscus lens.

16. The Fresnel lens according to claim 15, wherein the
zone lens surfaces and side wall surfaces are disposed on a

concave surface of the meniscus lens.

17. The Fresnel lens according to claim 1, wherein the
zone lens surfaces and side wall surfaces are disposed on at

least one o0f a concave lens surface and a convex lens surface.





