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Description

BACKGROUND OF THE INVENTION

1. Field of Invention

[0001] The invention relates to a lens and particularly
to a lens which exhibits a large depth of focus.

2. Description of the Prior Art

[0002] Lenses with two or more simultaneous foci or
powers are known. Such lenses, in particular in the form
of contact orintra-ocular lenses, are used to correct pres-
byopia. The drawback of such lenses is that imaging is
provided in distinct powers or foci, i.e. a "correct" image
produced by the "correct" power is accompanied by a
"wrong" image provided simultaneously by a "wrong"
power. As a consequence, the lens user frequently ex-
periences ghosting and halos with such lenses.

[0003] It is known that a lens of very small diameter
exhibits a large depth of focus. This fact can be explained
by wave optics considerations and is called the "steno-
peic effect". As an example, a "pinhole lens" of 1.3 mm
diameter exhibits a usable depth of focus of about 2.5
diopters. This means that objects can be seen clearly
even if they are out of focus by +/- 1.25 diopters from the
refractive focus of this pinhole lens. Such a pinhole lens
is therefore suitable to correct, or, more appropriately,
"mask" presbyopia, since such a pinhole lens produces
a clear image of objects the distance of which is between
infinity (distance vision) and about 40 cm (near vision) in
front of this lens, or, if the lens is used as a contact lens,
in front of the eye.

[0004] Itis further known, that such a pinhole lens also
masks astigmatism within its available depth of focus. It
is actually part of the diagnostic practice in the identifi-
cation and quantification of the amount of astigmatism
present in a human eye.

[0005] It should be noted that imaging with a pinhole
lens of large depth of focus is absolutely free of ghosting,
since imaging is not provided in two or more distinct foci
or powers. However, the drawback of such pinhole lens-
es is reduced throughput of light intensity. As a conse-
quence, imaging of distant and near objects is not satis-
factory in dim light conditions.

[0006] This drawback can be eliminated with "zoned
lenses" formed according to U.S. Patent No. 5,982,543
(W.Fiala). It is shown there that an annular lens of small
total area exhibits a large depth of focus as well. It is
further shown there that an assembly of such annular
lenses or annular lens zones provides the same depth
of focus like the individual zones, if measures are taken
such that the individual contributions of the individual
zones add incoherently. An analytical treatment of such
lenses can be found in: "W. Fiala et al: Numerical Cal-
culation of a Giant Pinhole Lens in Polychromatic Light";
Annual Report 1996, page 39, editor: Physikalisches In-
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stitut, Universitaet Erlangen-Nuernberg".

[0007] InalensaccordingtoU.S.PatentNo. 5,982,543
a rather large number of annular zones is required in
order to provide a sizeable depth of focus. In such a lens
design, a depth of focus of at least one diopter requires
lens zones the maximum area of which is limited to a
value F = 0.0056 A mm?2, F being the maximum area of
any of the lens zones, and A the average wavelength in
nanometers. Assuming the common value A = 550 nm,
the maximum zone area is calculated to be 3.08 mmz2.
[0008] In order to achieve a depth of focus of 2.5 di-
opters with a lens made according to my U.S. Patent No.
5.892,543, the area of the individual lens zones exhibits
a value of approximately 1.33 mm?2; this means that a
lens of 6 mm diameter would have to comprise twenty-
one (21) such zones. Although the production of such a
lens is possible, in principle, the production requirements
are high.

[0009] U.S. Patents Nos. 6,126,286 and 5,225,858
disclose lenses with fewer and broader lens zones and
which lens zones have variable power profiles, wherein
the transitions between the lens zones are smooth. Such
lenses suffer from detrimental interference problems be-
tween the lens zones.

OBJECTS AND SUMMARY OF THE INVENTION

[0010] Itis an object of the present invention to provide
a lens of sizeable diameter which lens exhibits a large
depth of focus and comprises fewer zones than a lens
formedinaccordance withmy U.S. Patent No. 5,982,543.
[0011] Itis a further object of the present invention to
provide alens or annularlens of given area which exhibits
a larger depth of focus than a lens or annular lens of
constant lens power and same area.

[0012] It is a further object of this invention to provide
a lens with an increased depth of focus, wherein the in-
tensities of the powers within the depth of focus are ap-
proximately constant.

[0013] Itis a further object of the present invention to
provide a lens with increased depth of focus, wherein the
intensities of the powers within the depth of focus can be
given desired values.

[0014] It is another object of the present invention to
provide a lens with large depth of focus which lens is
employed in the correction of presbyopia.

[0015] It is another object of the present invention to
provide a lens with large depth of focus which lens is
employed in the correction of corneal astigmatism.
[0016] It is yet another object of the present invention
to provide a lens of large depth of focus which lens is
employed in the correction of irregular astigmatism.
[0017] Itis still another object of the present invention
to provide a lens with large depth of focus which lens is
employed in the correction of regular or irregular astig-
matism and which correction is independent of the an-
gular position of the lens.

[0018] Itis another object of the invention to provide a
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large diameter lens with increased depth of focus which
is easy to manufacture.

[0019] These and other objects of this invention are
achieved with an ophthalmic lens according to claim 1.
The invention combines the features of (a) large area
lens zones with (b) variable power profiles within the lens
zones providing a large depth of focus and (c) topograph-
ical steps between the lens zones to avoid interferences.
As is disclosed herein, this combination of features over-
comes the inconveniences of the state of the art, achiev-
ing a lens with a large depth of focus without the adverse
interference (diffraction) effects of the conventional de-
signs.

[0020] As will be shown in the following, the above-
mentioned objects are achieved by imparting a lens or
an annular lens a suitable refractive power profile instead
of a single refractive power. Such a lens or lens zone
then exhibits a depth of focus which is substantially larger
than a lens or lens zone of single given power and of the
same area. The power profile imparted to the lens or lens
zone is available for design purposes, i.e. different such
power profiles result in different intensity distributions
within the depth of focus of the lens or annularlens. Using
appropriate power profiles, it is therefore possible to at-
tribute different relative intensities to different powers
within the available depth of focus of the lens or annular
lens. A lens of sizeable diameter and large depth of focus
is provided by an assembly of such lens zones, and
measures are taken in order to achieve incoherent sum-
mation of the contributions of the individual lens zones.
[0021] Specifically, the invention includes a lens zone
exhibiting a depth of focus such that the lens zone in-
cludes a refractive power profile. The power profile is
configured such that the depth of focus is at least 1.1
diopters for light of 550 nm wavelength, and wherein the
area of the lens zone is at least 3.14 mm?2. Preferably,
the refractive power profile is more specifically configured
such that the intensities within the depth of focus are at
least 50% (fifty percent) of the peak intensity within the
depth of focus. Furthermore, the refractive power profile
may be configured such that the lens zone is a multifocal
lens zone with at least two powers such that at least one
of the powers exhibits the depth of focus. It may also be
considered that the power profile of the lens zone repre-
sents an approximation of a combination of at least one
constant function and a fraction of a period of a sinusoidal
function.

[0022] The present invention may include a lens ex-
hibiting a large depth of focus which is formed from at
least two lens zones. Each lens zone has a refractive
power profile wherein the depth of focus is at least 1.1
diopters for light of 550 mm wavelength and the area of
each of said lens zones is at least 3.14 mm2. The lens
is further configured such that optical path length differ-
ences are provided between adjacent lens zones such
that light rays passing through adjacent lens zones have
an optical path length between an object point and an
image point which are different by at least a coherence
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length of the light used, which is at least 1 wm. The lens
of the presentinvention may include lens zones such that
the refractive power profiles of the lens zones are iden-
tical. Alternatively, the refractive power profiles of the lens
zones may be formed to be different. The lens may also
be provided to be a multifocal lens whereby each of the
lens zones exhibits a refractive power profile having at
least two powers and wherein at least one of the powers
exhibits the depth of focus. The lens may be formed such
that the areas of all lens zones are equal. Alternatively,
the lens may be configured such that the areas of all lens
zones are different. The lens is suitable to be an ophthal-
mic lens, a contact lens, an intra-ocular lens, or an intra-
corneal lens.

[0023] The lens of the present invention exhibits a
large depth of focus by providing at least two lens zones
which include a central circular lens zone and at least
one annular lens zone surrounding the circular lens zone.
Each of the lens zones is configured such that light rays
passing through adjacentlens zones have an optical path
length difference between an object point and an image
point which are different by at least a coherence length
of light passing through which is at least 1 um. The area
of any of the lens zones is at least 3.14 mm2. The lens
zones are given refractive power profiles such that the
depth of focus of any of the lens zones is at least 1.1
diopters for light of 550 nm wavelength. The lens may be
formed such that the shape of the through focus response
of any of the lens zones is substantially identical with the
shape of the through focus response of the entire lens.
The lens may be used as an ophthalmic lens, a contact
lens, an intra-ocular lens or an intra-corneal lens.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024]

Fig. 1 illustrates the through focus response (TFR)
of a lens according to the present invention.

Fig. 2 illustrates the refractive power profile ("P1")
imparted to the circular lens with TFR according to
Fig.1, wherein AD= D, 5 - Dynin = 3 diopters.

Fig. 3 illustrates the TFR of another circular lens or
annular lens according to the present invention such
that higher effective lens powers are weighted less
than lower effective lens powers.

Fig. 4 illustrates a further refractive power profile
("P2") imparted to a circular lens or annular lens with
TFR according to Fig. 3, wherein AD = D5y - Din
= 3 diopters.

Fig. 5 (prior art) illustrates the TFR of a prior art lens
of 1.2122 mm diameter (area: 1.154 mm2) such that
the depth of focus of this prior art lens is essentially
equal with the depth of focus of the lenses according
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to Fig. 1 and Fig. 3.

Fig. 6 illustrates various TFRs of circular lenses (or
annular lenses with the same area as the circular
lenses), wherein all circular lenses (or annular lens-
es) are imparted a power profile according to Fig. 2.

Fig. 7 illustrates the required diameter of a circular
lens and the required area of a lens zone as a func-
tion of the desired depth of focus for a lens zone with
constant refractive power and for a lens zone with a
power profile P1 or P2.

Fig. 8 illustrates the TFR of a depth of focus lens of
4 mm diameter consisting of four zones of equal area
(Fresnel zones, area: 3.14 mm?2 each) in polychro-
matic light, wherein all zones exhibit the same power
profile P1.

Fig. 9illustrates another TFR of a depth of focus lens
of 4 mm diameter consisting of 4 zones of equal area
(Fresnel zones, area 3.14 mm?2 each) in polychro-
matic light, wherein zones 1 and 3 exhibit power pro-
file P1 and zones 2 and 4 exhibit power profile P2.

Fig. 10 illustrates the cross-section of an embodi-
ment of a depth of focus lens according to this in-
vention.

Fig. 11illustrates another refractive power profile im-
parted to lens zones according to this invention,
wherein the refractive power profile is discontinuous
and consists of four (4) discrete refractive powers
within the lens zone.

Fig. 12 illustrates the TFR of a large depth of focus
lens which consists of lens zones, each of which is
imparted the power profile shown in Fig. 11.

Fig. 13A illustrates the TFR of yet another lens with
large depth of focus, wherein the lens exhibits in-
creased depth of focus in two distinct powers and
the lens zones exhibit a power profile as shown in
Fig. 14.

Fig. 13B illustrates the TFR of lens having nine (9)
Fresnel Zones on alens of 6.293 mm diameter, each
zone having a power profile as shown in Fig. 14.

Fig. 14 illustrates the discontinuous power profile of
the lens zones of the large depth of focus lens such
that the TFR of which is shown in Fig. 13A and the
TFR of the large depth of focus lens is shown in Fig.
13B.

Fig. 15 illustrates various TFRs of yet another lens
with large depth of focus according to this invention,
wherein the TFRs are dependent on lens aperture
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or pupil size.

Fig. 16 illustrates various TFRs of a lens including
lens zones according to Fig. 15 but without steps
between lens zones.

DETAILED DESCRIPTION OF PREFERRED EMBOD-
IMENTS

[0025] Forthe sake of simplicity and clarity, the follow-
ing terms used in this invention disclosure are defined
as follows:

"annularlens": alens which is confined to an annular
ring with an inner bonding radius and an outer bond-
ing radius.

"circular lens": a lens which is confined to a circular
disk of radius r. (A circular lens is what is usually
considered 'a lens’).

"lens zone": a lens zone is either a circular lens or
an annular lens. The circular lens can be interpreted
as an annular lens with inner bonding radius 0 and
outer bonding radius r.

"Fresnel zones", "Fresnel lens zones": lens zones
which exhibit the same area nt(ro2 - r,2), ro being the
outer bonding radius and r| being the inner bonding
radius of one of the lens zones.

"refractive power profile", "power profile": the func-
tion D(x) of the refractive power at a radial distance
x from the center of a lens zone vs. the squared dis-
tance x2. The refractive power is calculated on the
basis of Snell’s refraction law. Power profiles are
called "P1, "P2", etc.

"through focus response (TFR)": the distribution of
light intensity along the axis of a lens or lens zone
when a plane wave of light is incident on the lens or
lens zone in parallel with the axis of the lens or lens
zone.

"effective lens power": the index behind a lens or
lens zone divided by the distance (in meters) on the
lens axis behind said lens or lens zone.

"depth of focus": the width in diopters of the TFR at
a minimum of 40.5 % of the peak intensity of the
TFR, respectively.

"coherence length": the value A2/A\ of a polychro-
matic light spectrum, A being the mean wavelength,
and AL being the half-width of the wavelength distri-
bution. The abbreviation "C.L." is used in this disclo-
sure. The C.L. of white light is 1 micron (A = 550 nm,
AL =300 nm).
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[0026] The refractive power or power profile of a cir-
cular lens or annular lens determines the resultant wave
front of light into which an incident, e.g. plane, wave is
converted by this circular or annular lens. This wave front
determines the resulting intensity distribution along the
axis of the circular lens or annular lens, i.e. it determines
the through focus response (TFR). The calculation of the
TFR as aresult of the refractive power profile of a circular
or annular lens zone can be done analytically; one such
method for this calculation is presented in: W. Fiala and
J. Pingitzer: Analytical Approach to Diffractive Multifocal
Lenses, Eur. Phys. J. AP 9, 227-234 (2000), the disclo-
sure of which is incorporated by reference herein. The
algorithm presented in this publication is used for the
present calculations of the TFR of lenses and of assem-
blies of lens zones with optical steps between the indi-
vidual lens zones.

[0027] Fig. 1 illustrates the TFR of a circular lens of 2
mm diameter exhibiting a power profile P1 as shown in
Fig. 2. For purposes of Fig. 1, we assume a monochro-
matic light wavelength of 550 nm and a polychromatic
mean wavelength of 550 nm and further a Gaussian
wavelength distribution which results in a C.L of 3.1 mi-
crons. The TFR of Fig. 1 indicates that this lens zone
exhibits a depth of focus in excess of 3 diopters. Particular
mention is made of the fact that this lens zone exhibits
an area of 3.14 mmZ2; a lens zone with 3.14 mm?2 area
and constant refractive power would exhibit, by compar-
ison, a depth of focus of only 1.1 diopters. It should also
be noted that the intensities within the depth of focus vary
only slightly by comparison, which is an advantage. In
any case, the intensities within the depth of focus are
larger than 50 % of the peak intensity. Also the fall-off of
the intensities at the limits of the depth of focus is steep;
the result of this steep fall-off is increased intensity within
the usable depth of focus. Suitable refractive power pro-
files cannot easily be calculated back from a desired
shape of the TFR, since the resulting TFR is determined
by diffraction effects rather than the refraction law (Snell’s
law). But with modern calculation tools it is possible to
select the proper refractive power profile with a lens or
annular lens zone for a desired shape of the TFR. Such
calculations are usually done on a "trial and error" basis.
[0028] Fig. 2 illustrates a power profile P1 of a lens
zone of 3.14 mm? total area. The resulting TFR of such
alens zone is illustrated in Fig. 1. Power profiles and the
resulting TFR of the above-discussed type of lens zone
are suitable for correction of presbyopia and astigmatism.
In presbyopia correction, it is occasionally desired to at-
tribute more light intensity to the distance power than to
the near power, or vice versa. Fig. 3 illustrates an exam-
ple of such a desirous TFR. Fig. 3 shows the TFR of a
circular lens of 2 mm diameter (lens zone of 3.14 mm2)
exhibiting a power profile P2 as shown in Fig 4. Once
again, we assume the same parameters regarding the
light wavelengths as set forth in Fig 1. Such a lens or
lens zone provides a sizeable depth of focus and intensity
in the distance power and somewhat less intensity in the

10

15

20

25

30

35

40

45

50

55

near power. Since the minimum intensity within the depth
offocus is more than 50% of the maximum intensity within
the depth of focus, the full depth of focus is preserved
within a range of over 3 diopters. As a consequence,
ghosting or halos will not be present with this lens zone
at all.

[0029] In Fig. 4, another suitable power profile P2 (i.e.,
the function D(x) versus x2) of a lens zone is illustrated
which provides a non-symmetric intensity distribution in
the TFR. The presented power profile provides more in-
tensity in the smaller powers of the TFR. The power pro-
file according to Fig. 4 underlies the lens zones the TFR
of which is shown in Fig. 3.

[0030] As said, the usable depths of focus of the dis-
cussed circular or annular lenses formed in accordance
with Figs. 1-4 was in excess of 3 diopters. The total lens
area of these lens zones was 3.14 mm2. For comparison,
a prior art circular lens or annular lens of a given single
refractive power is shown in Fig. 5. Should such a circular
or annular lens exhibit also a depth of focus in excess of
3 diopters, the maximum area of this circular or annular
lens has to be limited to 1.154 mm?2, i.e. a value almost
a third smaller than the area of a circular or annular lens
according to the present invention. A prior art lens zone
of 3.14 nm2 area would exhibit a depth of focus of only
1.1 diopters.

[0031] Should smaller values for the depth of focus be
desired, the same principal shape of a given power profile
can be applied on lens zones of larger area. The differ-
ence between the maximum and the minimum refractive
power in the power profile has to be adjusted accordingly.
Fig. 6 illustrates three examples of TFRs of essentially
similar shape but having different depth of focus. The
results are presented for circular lenses of varying diam-
eter. From the above discussion, it is evident that these
results would also apply for annular lenses which exhibit
the same areas as the circular lenses. As can be seen
from the results in Fig. 6, the difference AD in the power
profile as well as the diameter of the circular lens (or the
area of an annular lens) determine the available depth
of focus. For example, a difference AD = D5 - Diin, =
2 diopters results in a lens or annular lens with a depth
of focus somewhat in excess of 2 diopters; this depth of
focus will be in a lens of diameter 2.45 mm (area: 4.71
mm?2). For other lens diameters (or lens zone areas) the
same difference AD would result in TFRs of different
shapes. This is another example of the importance of
diffraction phenomena associated with refractive lenses.
[0032] Thus, a circular lens or annular lens according
to this invention can provide a depth of focus which is
much larger than that of a circular lens or annular lens
of same area and given single power. The results are
summarized in Fig. 7 and apply for lens zones which
exhibit power profiles according to Fig. 2 and/or 4. As
can be seen from Fig. 7, much larger lens diameters or
lens zone areas are possible in a circular lens or annular
lens according to the present invention than in a conven-
tional circular or annular lens of same depth of focus. By
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way of example, a depth of focus of 2 diopters is achieved
with a circular lens or annular lens of single refractive
power of 1.77 mm? area, whereas a circular lens or an-
nular lens according to the present invention exhibits an
area of approximately 4.9 mm?2.

[0033] An assembly of a central circular lens and sur-
rounding annular lens zones according to the present
invention represents a large aperture lens which exhibits
the depth of focus of amuch smaller lens. Fig. 8illustrates
the TFR of a lens of 4 mm diameter; this lens consists of
four lens zones of 3.14 mm?2 each; every lens zone ex-
hibits a refractive power profile like the one shown in Fig.
2, wherein Dy, 5y - Dpin = 3 diopters. The innermost lens
zone is a circular lens of 2 mm diameter. Every lens zone
of the lens according to this invention exhibits a depth of
focus of appr. 3.5 diopters; this large depth of focus is
due to the fact that every lens zone is given a refractive
power profile instead of a constant refractive power. By
comparison, lens zones of 3.14 mm?2 area and constant
refractive power would exhibit a depth of focus of only
1.1 diopters.

[0034] Itis also possible, to combine lens zones which
exhibit different power profiles in a lens of large depth of
focus and large diameter. Fig. 9 illustrates an example
for the TFR of such a lens according to the present in-
vention. The lens of 4 mm diameter consists again of four
Fresnel zones of equal area. Contrary to the example
according to Fig. 8, the individual lens zones do not ex-
hibit the same refractive power profile. In the lens accord-
ing to Fig. 9 the uneven lens zones exhibit the refractive
power profile according to Fig. 2 (P1) and the two even
lens zones feature the power profile according to Fig. 4
(P2). By combining lens zones of different power profiles
it is possible to create a large aperture lens with large
depth of focus wherein the intensity distribution within
the depth of focus assumes a desired function. The top-
ographical dimensioning of the annular lens zones in
such a way that they exhibit a certain desired refractive
power profile is state of the art and e.g. extensively dis-
cussed in WO 01/04667 A1 (W. Fiala).

[0035] The assemblage of annular zones such thatthe
contributions of the individual lens zones add incoher-
ently, i.e. in independence of one the other, is state of
the art and extensively discussed in U.S. Patent No.
5,982,543 (W. Fiala). Incoherent imaging is achieved by
introducing optical path length differences between ad-
jacent annular zones in excess of the coherence length
of the polychromatic light used in imaging with this lens.
With these measures, the lens of large aperture exhibits
the same depth of focus in polychromatic light like the
individual lens zones it is made up of.

[0036] Byway ofexample, Fig. 10 shows partofalarge
depth of focus contact lens 1 according to the present
invention; this lens consists of lens zones which exhibit
refractive power profiles, and optical path length differ-
ences are provided between adjacent lens zones. In di-
mensioning this lens, the position of the focus pertaining
to a given value D(x) of the power profile is calculated
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first; this position is given by the distance n/(D(x) from
the back vertex of the lens. From this focus, a light ray 5
is directed into the point P(z,x) on the envelope 6 of the
back surface of the large depth of focus lens. This light
ray is then refracted at the interface 6 between the im-
mersion medium with index n; and the tear fluid 4 with
index 1.336. Then the resulting ray is refracted at the
interface 3 between the tear fluid and the lens medium;
the resulting light ray is then refracted at the interface 2
between the lens medium and the immersion medium.
The resulting light ray after this refraction has to be par-
allel to the lens axis 7 (light incidence from infinity): this
can be achieved by variation of the inclination of the sur-
faces 3 and 2 in a trial and error method. Surface 2, in
general is a multi-curve; but it is also possible to design
a lens with a front mono curve (e.g. a sphere).

[0037] The described procedure has to be carried out
for all values of x of the power profile D(x). Usually, the
procedure starts with x=0 and then the value of x is in-
creased in accordance with the given power profile.
When the value for x coincides with the outer bonding
radius of the considered lens zone, a step 8 is introduced
such that this step provides the required path length dif-
ference between adjacent lens zones. Step 8 is not nec-
essarily in parallel with the lens axis 7. This path length
difference is in the order of t(n;-n,,), wherein tis the top-
ographical step height, n, is the lens index and ny, is the
index of the tear fluid. The topographical step height may
have to be adjusted such that the optical path length dif-
ference assumes a certain desired minimum value. Then
the entire procedure as described above has to be re-
peated with new initial values for the (local) inclination of
the front surface 2.

[0038] As will be appreciated, the entire dimensioning
procedure relies on modem computation tools, since usu-
ally many trial runs are necessary in order to arrive at the
lens topography which corresponds to the required pow-
er profile.

[0039] Should it be desired that the front surface is
given by a mono curve (e.g. a sphere), then the steps 8
are a result of the chosen parameters which describe the
front surface (e.g. front radius and center thickness).
Then a minimum optical step height T has to be defined,
and the relevant parameters have to be varied until all
resultant steps 8 are sufficiently large such that abs(t(n,
- ng)) > T, where T is the desired minimum optical path
length difference. For the case of a contact lens, the index
of the immersion medium is n; = 1. By comparison, the
index of the immersion medium is n; = 1.336 for the case
of an intra-ocular lens; in the case of an intra-ocular lens,
the index ny, of the medium adjacent to the lens will also
assume the value 1.336. It may also be desired that the
large depth of focus lens exhibits smooth outer surfaces,
e.g. in the case of an intra-corneal or contact lens. Then
the "tear fluid" has to be a material with a refractive index
ny which is either larger or smaller than the lens index
Ny, i.e. ng > ny or ng < ny. With these adjustments in
values for refractive indices, the described general di-
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mensioning procedure applies also for lenses other than
contact lenses.

[0040] Foralens in air according to the present inven-
tion, both n; and n,, have to be given the value 1. The
general dimensioning procedure again applies also for
lenses in air according to the present invention.

[0041] The steps can also be placed on the front sur-
face of the lens. To one knowledgeable in the art, it is
obvious how the general dimensioning procedure has to
be adapted for the case where the steps are to be posi-
tioned on the front surface of the lens.

[0042] In practice, power profiles like the ones shown
in Figs. 2 and 4, respectively, will be approximated dis-
continuously by a certain number of discrete refractive
powers. This approximation may be rather coarse, as
demonstrated by the following example: Fig. 11 shows
an approximation of power profile P1, and Fig: 12 shows
the corresponding TFR of an assembly of lens zones
which exhibit the power profile according to Fig. 11. A
comparison between Figs. 1 and 12 indicates that the
approximation of the power profile P1 (Fig. 2) by the val-
ues given in Fig. 11 is valid. The TFR of Fig. 12 would
apply for an intra-ocular lens with imaging properties both
in distance (appr. 20 diopters) and near (approximately
24 diopters). This lens would also mask astigmatism due
to its large depth of focus.

[0043] Power profiles of lens zones can also be de-
signed such that the lens zones are multifocal. Fig. 13B
shows, as an example, the TFR of a large depth of focus
bifocal contact lens which comprises 9 lens zones on a
diameter of 6.293 mm; all lens zones exhibit equal areas,
i.e. the lens consists of Fresnel lens zones. In this exam-
ple, the area of all lens zones is 3.46 mm?2 as depicted
in Fig. 13A. The shape of the TFR of any of the lens zones
(Fig. 13A) as well as the essentially identical shape of
the TFR of the entire lens (Fig. 13B) is due to the power
profile of the lens zones according to Fig. 14. It is inter-
esting to note that the intensity associated with the ef-
fective lens power of 4 diopters (Fig. 13A and B) is very
low, while half of the area of the lens zones exhibit the
refractive power of 4 diopters (Fig. 14). This is another
example of the fact that due to diffraction effects the re-
sulting distribution of effective powers of a lens zone,
which is characterized by the TFR, is different from the
distribution of refractive powers (i.e., the power profile)
given to this lens zone.

[0044] As is evident from the examples given in Figs.
2,4, 11 and 14, the power profile given to the lens zones
determines the depth of focus and the shape of the TFR
of the individual lens zone as well as the shape of the
entire lens. Within these examples, the power profiles
according to Figs. 2 and 11 can be considered approxi-
mations of a combination of constant function, a half pe-
riod of a sinusoidal function, and another constant func-
tion. The power profile according to Fig. 14 would be a
coarse approximation of three quarters of a period of a
sine function, and the power profile according to Fig. 4
represents a combination of an initial constant function
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and the approximation of a half period of a sinusoidal
function. consequently, the disclosed examples of useful
power profiles can be considered approximations of a
combination of at least one constant function and the
fraction of a period of a sinusoidal function. Naturally,
those skilled in the art will appreciate that the scope of
useful power profiles is not restricted to this kind of ap-
proximations.

[0045] Acircularlens orannular lens zone of 3.46 mm?
area and single refractive power would exhibit a depth
of focus of 1 diopter. The present lens comprising 9 lens
zones of 3.46 mm?2 each has a depth of focus of 1.6 di-
opters in the lower power of 3 diopters and a depth of
focus of 1 diopter in the higher power of 5 diopters. Con-
sequently, the total depth of focus - which is manifest in
two distinct powers - is 2.6 diopters, i.e. 2.6 times larger
than the depth of focus of a lens zone of 3.46 mm?2 area
and single refractive power.

[0046] Lens zones exhibit the same TFR if their areas
are equal (Fresnel zones) and if they exhibit the same
power profile. Consequently, the performance of a depth
of focus lens which is composed of Fresnel zones of iden-
tical power profile is practically independent of lens ap-
erture or pupil size.

[0047] A lens according to this invention with a large
depth of focus may also be composed of annular lens
zones of unequal areas. Then the lens performance will
depend on lens aperture or pupil size.

[0048] Fig. 15 show various TFRs for a lens which is
composed of lens zones of increasing area from center
to rim. In this example the outer bonding radius r,, of the
n-th lens zone is given by

.- 06
=R XN

and, consequently, the area a, of the n-th zone assumes
the value

a,=a, [nzxo.s —(n- l)zxo.s]

wherein ry and a, are the radius and the area of the first
zone, respectively. (Fresnel zones would exhibit the ex-
ponent 0.5 instead of 0.6 in the above equations.) The
area a4 of the innermost lens zone is 3.46 mm?2. All lens
zones of the lens according to Fig. 15 are given the re-
fractive power profile according to Fig. 14.

[0049] As can be seen from Fig. 15, the TFR of this
depth of focus lens is dependent on lens aperture or pupil
size, in contrast to the above examples. The total depth
of focus is distributed over two powers. For all lens ap-
ertures the sum of the depths of focus in the two powers
is at least twice as large as the depth of focus of a lens
zone of constant refractive power and 3.46 mm? area,
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which is the area of the smallest lens zone of the lens
according to Fig. 15. As can be seen from Fig. 15, the
minimum depth of focus in either the lower or the higher
power of this lens is 1.2 diopters, which is 1.2 times the
depth of focus of a lens zone of constant power and 3.46
mm?2 area.

[0050] Theintroduction of optical path length differenc-
es is of paramount importance for the desired lens per-
formance. This is obvious from a comparison of the Figs.
15 and 16: Figs. 15 and 16, respectively, show the TFRs
of lenses which consist of the same lens zones, but op-
tical steps of 5 microns are introduced in one lens (lens
of Fig. 15), whereas the transitions between adjacent
lens zones are smooth in the other lens (lens of Fig. 16).
Since in the lens according to Fig. 16 the contributions
of the various lens zones do not add incoherently, dif-
fraction effects between zones result in rather undesira-
ble TFRs of this lens.

[0051] As will be understood, numerous other possi-
bilities exist for the combination of lens zones with equal
or unequal areas and equal or unequal refractive zone
power profiles. Fig. 15 gives the results for just one ex-
ample.

[0052] Insummaryithasbeenshownthatalarge depth
of focus can be given a circular lens or an annular lens,
if this circular lens or annular lens is imparted an appro-
priate refractive power profile. As particularly shown in
Fig. 7, the depth of focus of a lens zone of given area
could be almost tripled in comparison with a lens zone
of same area and constant refractive power by imparting
the lens zone an appropriate refractive power profile. It
has been further shown that the depth of focus of a lens
zone of constant refractive power can be achieved by a
lens zone of approximately 2.7 times larger area, if the
larger area lens zone is imparted an appropriate power
profile. Furthermore, it was particularly shown that the
depth of focus of a lens which is composed of annular
zones of areas in excess of 3.08 mm?2 exhibit a depth of
focus well in excess of 1 diopter, if the lens zones of this
lens exhibit appropriate refractive power profiles instead
of single refractive powers. While prior art lenses accord-
ing to U.S. Patent No. 5,982,543 require lens zones with
a maximum area of 0.0056\, mm?2, i.e. 3.08 mm2, for
achieving a depth of focus of 1 diopter, the lens according
to the present invention achieves this depth of focus of
1 diopter with lens zones of an area of almost 10 mm?
(see Fig. 7).

[0053] Although the illustrative embodiments of the
present invention have been described herein with ref-
erence to the accompanying drawings, it is to be under-
stood that the invention is not limited to those precise
embodiments, and that various other changes and mod-
ifications may be effected therein by one skilled in that
art without departing from the scope of the invention.

10

15

20

25

30

35

40

45

50

55

Claims

1. Ophthalmic lens for providing a large depth of focus
in a polychromatic light spectrum having a mean
wavelength A and a half-width AA of the wavelength
distribution, the lens having at least two lens zones
including a central circular lens zone and atleast one
annular lens zone surrounding the central circular
lens zone, characterized by the combination of fea-
tures that

- each lens zone has an area of at least 3.14
mm2,

- each lens zone has a variable power profile D
(x) of the refractive power D varying with the
radial distance x from the center of the lens zone
such that the depth of focus of said lens zone is
atleast 1.1 diopters for light of 550 nm avelength,
and

- adjacent lens zones form topographical steps
(8) on at least one surface of the lens the height
t of which steps (8) is given by t(n4-ny,) > AZ/AA,
n, being the refractive index of the lens and n,,
being the refractive index of tear fluid.

2. Lens according to claim 1, characterized in that
said variable power profile D(x) comprises an ap-
proximation of a combination of at least one constant
function and a fraction of a period of a sinusoidal
function.

3. Lens according to claim 1 or 2, characterized in
that said variable power profile D(x) provides inten-
sities within the depth of focus of at least 50 % of the
peak intensity within the depth of focus.

4. Lens according to any of the claims 1 to 3, charac-
terized in that the height of the step (8) is greater
than 1 um / (ny-ny,), preferably in the order of 5 um

/(n1'ntr)-

5. Lens according to any of the claims 1 to 4, charac-
terized in that said variable power profile D(x) ex-
hibits at least two powers, wherein the depth of focus
of at least one of said powers is at least 1.1 diopters
for light of 550 nm wavelength.

6. Lens according to any of the claims 1 to 5, charac-
terized in that the shape of the through focus re-
sponse (TFR) of any of said lens zones is substan-
tially identical with the shape of the through focus
response (TFR) of the entire lens.

7. Lens according to any of the claims 1 to 6, charac-
terized in that the variable power profiles D(x) of
the lens zones are different.

8. Lens according to any of the claims 1 to 7, charac-
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terized in that the areas of the lens zones are dif-
ferent.

Lens according to any of the claims 1 to 8, charac-
terized in that the lens is a contact lens.

Lens according to any of the claims 1 to 8, charac-
terized in that the lens is an intra-ocular or intra-
corneal lens.

Patentanspriiche

1.

Ophtalmische Linse zur Bereitstellung einer grof3en
Tiefenscharfe in  einem  polychromatischen
Lichtspektrum mit einer mittleren Wellenldnge A und
einer Halbbreite AA der Wellenlangenverteilung,
welche Linse zumindest zwei Linsenzonen ein-
schlieBlich einer zentralen kreisférmigen Linsenzo-
ne und zumindest einer die zentrale kreisférmige Lin-
senzone umgebenden ringférmigen Linsenzone hat,
gekennzeichnet durch die Kombination der Merk-
male, dass

- jede Linsenzone eine Flache von zumindest
3,14 mm? hat,

- jede Linsenzone ein variables Brechkraftprofil
D(x) der refraktiven Brechkraft D hat, welches
mit dem Radialabstand x vom Mittelpunkt der
Linsenzone variiert, so dass die Tiefenschérfe
der genannten Linsenzone zumindest 1,1 Diop-
trien fir Licht von 550 nm Wellenlénge ist, und
- benachbarte Linsenzonen topografische Stu-
fen (8) auf zumindest einer Oberflache der Linse
bilden, wobei die Hohe t der Stufen (8) gegeben
ist durch t(n4-n,) > A2/AA, wobei n, der Bre-
chungsindex der Linse und n, der Brechungsin-
dex von Tranenflussigkeit ist.

Linse nach Anspruch 1, dadurch gekennzeichnet,
dass das variable Brechkraftprofil D(x) eine Nahe-
rung aus einer Kombination zumindest einer kon-
stanten Funktion und eines Bruchteils einer Periode
einer sinusférmigen Funktion umfasst.

Linse nach Anspruch 1 oder 2, dadurch gekenn-
zeichnet, dass das variable Brechkraftprofil D(x) In-
tensitaten innerhalb der Tiefenschéarfe von zumin-
dest 50% der Spitzenintensitat innerhalb der Tiefen-
scharfe bereitstellt.

Linse nach einem der Anspriiche 1 bis 3, dadurch
gekennzeichnet, dass die Hohe der Stufe (8) gro-
Rer als 1 pm/ (n4-ny,) ist, bevorzugt in der GréRen-
ordnung von 5 pm/(ny-ny,).

Linse nach einem der Anspriiche 1 bis 4, dadurch
gekennzeichnet, dass das variable Brechkraftprofil
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D(x) zumindest zwei Brechkrafte zeigt, wobei die
Tiefenscharfe zumindest einer der genannten
Brechkrafte zumindest 1,1 Dioptrien fur Licht von
550 nm Wellenlange ist.

Linse nach einem der Anspriiche 1 bis 5, dadurch
gekennzeichnet, dass die Form der Through-Fo-
cus-Response (TFR) jeder der genannten Linsen-
zonen im Wesentlichen gleich der Form der Throu-
gh-Focus-Response (TFR) der gesamten Linse ist.

Linse nach einem der Anspriiche 1 bis 6, dadurch
gekennzeichnet, dass die variablen Brechkraftpro-
file D(x) der Linsenzonen verschieden sind.

Linse nach einem der Anspriiche 1 bis 7, dadurch
gekennzeichnet, dass die Flachen der Linsenzo-
nen verschieden sind.

Linse nach einem der Anspriiche 1 bis 8, dadurch
gekennzeichnet, dass die Linse eine Kontaktlinse
ist.

Linse nach einem der Anspriiche 1 bis 8, dadurch
gekennzeichnet, dass die Linse eine intra-oculare
oder intra-corneale Linse ist.

Revendications

2.

Lentille ophtalmique pour produire une grande pro-
fondeur de foyer dans un spectre de lumiere poly-
chromatique ayant une longueur d’'onde moyenne A
et une demi-largeur AA de la distribution de longueur
d’'onde, la lentille ayant au moins deux zones com-
prenant une zone de lentille circulaire centrale et au
moins une zone de lentille annulaire entourant la zo-
ne de lentille circulaire centrale, caractérisée par
la combinaison des caractéristiques suivantes :

- chaque zone de lentille a une surface d’au
moins 3,14 mm?2,

- chaque zone de lentille a un profil de puissance
variable D(x) du pouvoir réfractif D variant avec
la distance radiale x depuis le centre de la zone
de lentille de sorte que la profondeur de foyer
de ladite zone de lentille soitd’au moins 1,1 diop-
trie pour une lumiére d’'une longueur d’onde de
550 nm, et

- les zones de lentille adjacentes forment des
gradins topographiques (8) sur au moins une
surface de la lentille, la hauteur t desdits gradins
(8) étant donnée par t(n4-ny,))A2/AL, n, étant l'in-
dice de réfraction de la lentille et n,, étant I'indice
de réfraction du liquide lacrymal.

Lentille selon la revendication 1, caractérisée en
ce que ledit profil de puissance variable D(x) com-
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prend une approximation d’'une combinaison d’au
moins une fonction constante et une fraction d’'une
période d’'une fonction sinusoidale.

Lentille selon la revendication 1 ou 2, caractérisée
en ce que ledit profil de puissance variable D(x) pro-
duit des intensités dans la profondeur de foyer d’au
moins 50 % de l'intensité de créte dans la profondeur
de foyer.

Lentille selon I'une quelconque des revendications
1 a 3, caractérisée en ce que la hauteur du gradin
(8) est supérieure @ 1 um/(n4-ny,), de préférence de
lordre de 5 pm/(n-ny).

Lentille selon 'une quelconque des revendications
1 a 4, caractérisée en ce que ledit profil de puis-
sance variable D(x) présente au moins deux puis-
sances, la profondeur de foyer d’au moins une des-
dites puissances étant d’au moins 1,1 dioptrie pour
une lumiere d’'une longueur d’onde de 550 nm.

Lentille selon I'une quelconque des revendications
1a5, caractérisée en ce que laforme de laréponse
transfocale (TFR) de 'une quelconque desdites zo-
nes de lentille est sensiblement identique a la forme
de laréponse transfocale (TFR) de la lentille entiére.

Lentille selon I'une quelconque des revendications
1 a 6, caractérisée en ce que les profils de puis-
sance variable D(x) des zones de lentille sont diffé-
rents.

Lentille selon I'une quelconque des revendications
1 a7, caractérisée en ce que les surfaces des zo-
nes de lentille sont différentes.

Lentille selon 'une quelconque des revendications
1 a 8, caractérisée en ce que la lentille est une
lentille de contact.

Lentille selon I'une quelconque des revendications
1 a 8, caractérisée en ce que la lentille est une
lentille intraoculaire ou intracoméenne.
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Fig 1: TFR of a circular lens of 2 mm diameter exhibiting power profile P1 of Fig. 2
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g mm diameter

or an annular lens of 3.1416 mm"” area

Fig 2: power profile P1 of a circular lens of
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Fig 4: power profile P2 of a circular lens of 2 mm diameter
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Fig 5: TFR of a lens of 1.12122 mm diameter or an annular lens zone of 1.154 mm? area
case: constant single power within lens or lens zone
constant single power = mean effective lens power
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Fig 6: TFR of lenses of various diameters and power profiles
AD is the difference between the maxium and minimum power of the power profile of Fig. 2
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Fig 7: depth of focus vs.circular lens diameter or area of lens zone
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Fig 8: TFR of a depth of focus lens of 4 mm diameter in polychromatic light (coh. length = 3.1 micrc
lens consists of four Fresnelian zones - power profile P1 within every zone (Fig 2)
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Fig 9: TFR of a depth of focus lens of 4 mm diameter comprising 4 Fresnel zones
power profile of zones 1 and 3: P1 (Fig 2)
power profile of zones 2 and 4: P2 (Fig 4)
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Fig. 10: cross section of a depth of focus lens (schematic)
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Fig. 11: approximation of power profile P1 according to figure 2
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Fig. 13 A: TFR of a lens zone of 3.46 mm?> area,

monachromatic light: 550 nm

lens zone exhibits power profile shown in Fig. 14
polychromatic light: mean 550 nm, C.L. = 2.3 microns
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2.3 microns

atic light of mean wavelength 5650 nm and C.L.
lens zones have power profile according to Fig. 14

Fig. 13B: TFR of a lens consisting of 9 Fresnel lens zones on a 6.293 mm diameter
»polychrom
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Fig. 14: refractive power profile of lens zones of lens according to figure 13
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Fig. 15: TFRs for various. apertures of a depth of focus lens

!

lens zone areas increase from center to rim
power profile of every zone is given by Fig. 14
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Fig. 16: TFR for various apertures of a lens
consisting of lens zones like lens according to Fig. 15

but without steps between lens zones
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