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A Sector-based Fresnel zone plate consists of a binary diffractive lens composed of a mosaic of sectors of Fresnel
zone plates with different focal distances. When these focal distances are linearly distributed within the sectors,
dual focus is obtained. Besides, we explore the possibility to generate an extended depth-of-focus lens by using a
cubic distribution of the focal distances assigned to the sectors and optimizing the weight factors given to the

terms of the cubic polynomial. Finally, numerical simulations based on the Rayleigh-Sommerfeld approach are
carried out and experimental verifications by using a Spatial Light Modulator are performed, showing high
agreement. The proposed kind of zone plate has potential applications in different research fields such as mi-
croscopy, lithography, data storage, or imaging.

1. Introduction

Extended depth of focus (EDOF) lenses are used in a large number of
techniques such as optical coherence tomography, microscopy, imaging,
data storage, or micro-lithography [1-10]. Among other possibilities,
EDOF lenses can be generated by combining a conventional lens with a
diffractive optical element (DOE), which modulates the amplitude or/
and the phase of the incident beam. Mixed DOEs have better axial ho-
mogeneity but suffer of low efficiency. Consequently, phase-based and
amplitude-based DOEs have reached more popularity since more
impinging energy is transmitted with phase-based DOEs [11-13], and
binary amplitude-based DOEs are easier to be manufactured, respec-
tively. EDOF lenses have been analyzed from different points of view
[14]. Some authors combine refractive and diffractive elements by using
Spatial Light Modulators (SLM) or other active elements [15-18]. Flores
et al. show how an achromatic hybrid element can be optimized to
obtain a deeper focal distance, ten times better than the conventional
equivalent refractive lens [19]. Zhao et al. show how the usage of an
optimized sinusoidal phase mask improves the depth of field of a con-
ventional lens by coding the wavefront [20]. Other authors use pure
phase diffractive optical elements [21], or angularly dependent optical
elements [22-25], to extend the depth of focus.

Regarding the design of the optical elements and their optimization,
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computational methods may improve the optical performance of the
optical systems. In this way, Elmalem et al. propose a complex compu-
tational image-based technique based on the synergy between a simple
phase aperture coding optical element and a convolutional neural
network [26]. Besides, more complex algorithms which involve not only
calculating the EDOF optical element, but also optimizing its charac-
teristics to produce a given intensity distribution along the optical axis
have been proposed and analyzed [27-30].

In this work, we propose a new kind of diffractive lens composed by a
mosaic of sectors of Fresnel zone plates (FZP) with different focal
lengths. When the number of sectors is low, the focus is quite noisy, but
this is solved by using a high number of sectors. From the numerical
analysis, we obtain the dependency of the depth of focus and the focal
width on the design parameters of the zone plate. When the focal dis-
tances assigned to the sectors are linearly distributed, the diffractive
optical element produces dual-focus. Then, we analyze a cubic distri-
bution of the focal distances, showing that EDOF is obtained. The Sector-
based Fresnel zone plates are numerically implemented by using the
Rayleigh-Sommerfeld approach and finally, we corroborate their per-
formance with experiments by using a Spatial Light Modulator (SLM),
showing high agreement between simulations and experiments.
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2. Sector-based Fresnel zone plate with equi-distributed focal
distances

As it is well known, a Fresnel zone plate is a binary diffractive lens
formed by alternating transparent and opaque rings whose radii are
approximately given by r,, = \/mif, where m is the ring order, A the
design wavelength and f the focal length [31]. An example of amplitude-
based FZP is shown in Fig. 1a. As we will show along the manuscript, we
have considered amplitude-based binary DOEs for our analysis since
they are easier to be manufactured. Nevertheless, all conclusions are still
valid for binary phase-based DOEs with the same spatial distribution.
When a conventional FZP is illuminated with a collimated Gaussian
beam in normal incidence, the main parameters of the focus are the focal
width, wg, and the depth of focus (DOF) [32],

21 f
L 1
@ Z D (@)
27w 84 [f\?
DOF = =20 ="
A ﬂ(D)’

where D is the diameter of the lens.

DOF can be increased by reducing the lens diameter or increasing the
focal length. However, the focal width is also increased. An alternative
to increase the DOF is the use of angular diffractive lenses, such as Daisy
or Lotus lenses [25]. The Daisy lens produces always dual focus but
Lotus lenses can be optimized to reduce the beam width at the center of
the dual focus [33], since the histogram of the focal distances produced
by the Lotus lens is equi-distributed.

Another possibility, which is explored in this work, is to increase the

(a)
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DOF by using a Sector-based Fresnel zone plate (SFZP). It consists of a
diffractive lens composed of a mosaic of circular sectors of FZP with
different focal distances. The simplest configuration is to divide the area
of the lens in ny angular sectors, with equal size. The focal distances for
each sector are fi; € {f11,f12,....,f1,,} and they can be regularly
distributed within the interval [f — Af/2, f + Af/2], Fig. 1b. Then, the
focal length associated to the sector i is

m:QLM/Q+M# @

where i = 1,2,...,n,. When the number of sectors is low, the intensity
distribution around the focus is quite random and with a number of
artifacts, Fig. 2b, in comparison with a Fig. 2a. This intensity distribu-
tion has been obtained by a numerical implementation of the Rayleigh-
Sommerfeld formula [34,35].

To deal with this issue, one possibility is to increase the number of
slices. For this, we have subdivided each sub-sector in n; equi-spaced
randomly distributed zones. Then, the number of slices is ns x n;. An
example, for ny = 10 and ny = 10, is shown in Fig. 1c. In this case, when
the SFZP is formed by a high number of sectors with equal size and
linearly distributed focal distances, dual focus is obtained,Fig. 2c.

To check the performance of the lenses, we have also obtained the XY
intensity distribution at the central focal distance, z = f, Fig. 3. We see
that the central intensity distribution is circular but, for the case of ny =
10,n; = 10, a halo around the focus is produced, Fig. 3c. To eliminate it,
we have increased the number of sectors to ny = 50,n; = 50 and then,
the focus becomes more uniform without spurious light around it,
Fig. 3d. Dual focus can be observed when the number od sectors is n; =

X (mm)

Fig. 1. (a) Conventional amplitude-based Fresnel zone plate withf = 125 mm. (b) - (d) are SFZP withf = 125 mm and Af = 12.5 mm. The n; and ny parameters are
defined in each subfigure. For all the cases, the design wavelength is 4 = 632.8 nm.
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Fig. 2. Intensity distribution XZ, obtained by numerical Rayleigh-Sommerfeld formula, for the lenses depicted in Fig. 1. The illumination is a plane wave with
wavelength 1 = 632.8 nm.

200 (a) 200 (b)

y(um)
o

—-200 —200
—-200 0 200 —200

200 200

y(um)
o
y(um)
o

—-200
—200 0

Xx(um)

-200
200 —200

0 200
X(um)

Fig. 3. Intensity distribution XY, obtained by numerical Rayleigh-Sommerfeld formula, for the lenses depicted in Fig. 1. The illumination is a plane wave with

wavelength 1 = 632.8 nm and the observation distance is z = f. The beam width in Figs. 3c and 3d is greater since the narrow intensity distribution is obtained at z =
f+Af/2,notatz =f.
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Fig. 4. Beam width, measured by FWHM parameter, for the FZP and the SFZP
described in Fig. 2a and Fig. 2d.

10 (Fig. 2¢) or ny = 50 (Fig. 2d).

Finally, the beam width, measured as the Full Width at Half
Maximum (FWHM) of the XYZ intensity distribution around the focus,
for the FZP and the SFZP with ny = 50,n; = 50, is shown in Fig. 4. Dual
focus is clear and the two foci are placed at approximately z = f + Af/2.
Also, we can see that the two foci are not exactly equal, but they present
different beam width and different DOF.

3. Improvement of the Sector-based Fresnel zone plate to
achieve EDOF

Now, we will explore the possibility to obtain an extended depth of
focus instead of dual-focus with a SFZP. For this, we propose to modify
the distribution of focal distances assigned to the sectors. Two problems
need to be solved. In the first place, we need to balance the intensity
distribution between the two foci produced by the SFZP. This can be
solved by modifying the focal distances of the sectors given in Eq. (2), by
adding a quadratic term,

i = (fAf/z> +Aj‘(%)z.

Then, the weighted focal distance for each sector can be obtained as

fi= 0 —=k)fi; +kifo, ()]

3

where the k; parameter can be obtained by a simple optimization. With
this quadratic term, the slopes at the edges are different and the most
distant focus is more intense.

Also, we need to provide more intensity at zones near the central
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focus f. For this, a cubic term is added to the foci distribution

=7 vang ()

ny

()

and the resulting focal distance assigned to the i-th sector results in

fi= 0=k —k)fi+kfri+kfs, (6)

where the k, parameter can be also obtained by a simple optimization.
With this cubic term, the slope of the central area is reduced, and the
weight of the central foci becomes greater. We name the SFZP with
quadratic and cubic term as Cubic Sector-based Fresnel Zone Plate
(CSFZP). The terms fi ;, f2; and f3; are shown in Fig. 5a, and an example
of how these two terms modify the focal distribution is shown in Fig. 5b.

The effect of these terms on the intensity distribution around the
central focus is shown in Fig. 6. The weight parameters have been
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Fig. 6. Intensity distribution XZ around the focus for a lens with f = 125 mm,
Af =12.5 mm,n; = 50, and n; = 50, for different k; and k, parameters.
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Fig. 5. a) f1i,f2i, and f3; focal distances for the linear, quadratic and cubic terms of a lens withf =125 mm, Af = 12.5 mm, ny = 50, and n; = 50. b) Example of

linear combination, Eq. (6) to improve the SFZP behavior.
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Fig. 7. a) Normalized intensity and b) beam width measured using FWHM
parameter for the simulations of Fig. 6.

obtained by optimization. In Fig. 6a, a linear distribution of focal dis-
tances, SFZP, is used. Dual focus is obtained, and no balance between the
two focus is obtained. In Fig. 6b a quadratic term is added and, as a
consequence, the two foci present approximately the same intensity.
When a cubic term is added, Fig. 6¢, the intensity at the center is also
increased to approximately the same level that those of dual focus sit-
uation. Here, the intensity distribution seems to be tri-focus, although
this fact has not been corroborated experimentally.
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Fig. 8. Intensity distribution XZ around the focus, f = 125 mm, for a) a FZP
lens, b) a SFZP, and c) a CSFZP Wi'(hj2 =125 mm, Af =25 mm, n; = 50 and
nf = 50.
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Two interesting parameters to check the behavior of the CSFZP are
the intensity at the optical axis and the Full Width at Half Maximum
(FWHM). These two parameters are shown in Fig. 7. We see that,
although the FWHM has not decreased to the same level that for the dual
focus, the intensity at the axis is almost equal.

Finally, we have analyzed the CSFZP behaviour for higher values of
the Af/f parameter. For example, in Fig. 8 we can see the XZ intensity
distribution for a FZP, a SFZP, and a CSFZP. The parameters are the same
than those of Fig. 6, with f = 125, except the Af parameter, which is
Af = 25 mm, so that Af /f=20%. New parameters for the optimization of
the CSFZP have been found: k; =—0.04 and k; = 0.175. In any case, we
can see that the increase in the DOF is notorious and the beam width
only increases from FWHM = 20 ym to FWHM = 35 ym.

4. Experimental approach

An experimental verification of the focusing behavior of the CSFZP
has been performed by using a SLM. The scheme of the set-up is shown in
Fig. 9. The light source is a polarized He-Ne laser (1 = 632.8 nm). A
spatial filter, formed by a 40x microscope objective (OBJ), a 10um
pinhole (PH), and a collimating lens (CL), is used to expand the beam so
that the SLM is completely illuminated. A quarter wave plate (QW) is
used to obtain circular polarization, and two linear polarizers (P) and
two additional quarter wave plates (QW) are used to obtain the desired
levels of intensity [36]. The SLM is a Holoeye LCR-2500 reflective light
modulator. It has 1024 x 768 pixels (8 bits resolution) whose pixel size
is 19um x 19um. A 50/50 beam-splitter (BS) is placed at 45° with the
propagation axis, thus the SLM is illuminated normally to its surface. An
image-relaying system, formed by two lenses with foci fj = 80mm and
fo = 60mm, is used to produce an image of the Sector-based Fresnel
zone plates at a plane near to the linear stage and, also to reduce its size
in a factor fo/fi = 0.75x . A 72BUC02-ML CMOS camera (Imaging
source) is placed on a SMC100 linear stage (Newport). The CMOS
camera has 2592 x 1944 pixels with a pixel size of 2.2um x 2.2ym. The
camera is free to travel along the beam propagation axis, so we can
measure the intensity distribution at any desired plane after the lens.
The aberrations of the wavefront have been removed by adding a phase
map to the zone plates implemented within the SLM [25].

To validate the numerical results and check that the CSFZP is a valid
lens to obtain EDOF, the XYZ intensity distribution around the focus has
been measured and analyzed for a FZP, a SFZP and a CSFZP. The focal

QW P Qw CL PH P
OoBJ
mirror
__________ ‘I
i PH Qqwp camera linear stage

Fig. 9. Experimental setup. He-Ne: He-Ne laser, OBJ: microscope objective, PH:
pinhole, CL: collimation lens, P: linear polarizer, QW: quarter waveplate, BS:
50/50 beam-splitter, and SLM: Spatial Light Modulator. The camera is placed
on a linear stage and it is free to travel along the beam propagation axis.
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Fig. 10. Experimental intensity distribution at focus for (a) FZP (b) SFZP, and

(c) CSFZP. The focal distance for this lenses is f = 125mm and the diameter is
D = 4mm. For the SFZP and the CSFZP, Af = 12.5mm.

length of the lenses is f = 125mm and the diameter of the lenses is D =
4mm. For the SFZP and the CSFZP, Af = 12.5mm (Af/f = 10%). In
Fig. 10 we show the experimental XZ intensity profiles for these lenses.
The SFZP and the CSFZP are quite similar but there is not an increase of
the beam width at z = f for the CSFZP. This effect, predicted numeri-
cally, is more clear in Fig. 12a, where the FWHM for the FZP, SFZP and
CSFZP is obtained. It is clear that SFZP and CSFZP present a longer DOF.
Also, we can see that the CSFZP is not dual focus, but it presents a
continuous beam width. Nevertheless, the parameters predicted in Eq.
(6) does not seem to be the accurate for the experiment.

We have also implemented a CSFZP with a longer Af = 25mm
(Af/f = 20%), Fig. 11. In this case, the foci of the SFZP and the CSFZP
are clearly longer than for the FZP. As predicted in the previous section,
the SFZP is dual focus and EDOF is obtained for the CSFZP.

Fig. 12 shows the experimental FWHM parameter for the three len-
ses. The characteristic parameters obtained using these experimental
data are shown in Table 1. The DOF, is approximately 3.5mm for the
FZP, and 24mm for the CSFZP. On the other hand, the beam width
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Fig. 11. Experimental intensity distribution around focus for a) SFZP, and b)
CSFZP. The focal distance for this lenses is f = 125mm, Af = 25mm, and the
diameter is D = 4mm.
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Fig. 12. Comparison of the experimental FWHM for FZP, SFZP and CSFZP,
computed from XYZ profiles (a) for the experiment of Fig. 10 and (b) for the
experiment of Fig. 11.

increases from 85 ym for the FZP to 106 um for the CSFZP. Then, DOF is
increased approximately 7 times while beam width is increased only
1.25 times.
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Table 1

Focus parameters obtained with the experiment shown in Fig. 11.
Lens DOF (mm) FWHM (um)
FZP 3.5 85
SFZP 25 115
CSFZP 24 106

5. Conclusions

In this work, we propose and analyze a new kind of diffractive lens
named Sector-based Fresnel zone plate. It is formed by a mosaic of cir-
cular sectors of Fresnel zone plates with different focal distances. As we
demonstrate, this zone plate can be used to generate dual or extended
depth-of focus, depending on the distribution of focal distances assigned
to the sectors. We show that, when the focal distances assigned to the
sectors are equi-distributed, dual focus is obtained. On the other hand,
when a cubic distribution of the foci assigned to the sectors is used,
Extended Depth of Focus is obtained. Numerical simulations, based on
the Rayleigh-Sommerfeld approach, have been carried out and experi-
mental verifications have been performed by using a Spatial Light
Modulator. The numerical and experimental results show high agree-
ment, which makes the proposed zone plate to be an insteresting alter-
native in applications related to microscopy, lithography, data storage,
or imaging.
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