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Diffractive lenses (DLs) can realize high-resolution imaging with light weight and compact size. Conventional DLs
suffer large chromatic and off-axis aberrations, which significantly limits their practical applications. Although many achro-
matic methods have been proposed, most of them are used for designing small aperture DLs, which have low diffraction
efficiencies. In the designing of diffractive achromatic lenses, increasing the aperture and improving the diffraction ef-
ficiency have become two of the most important design issues. Here, a novel phase-coded diffractive lens (PCDL) for
achromatic imaging with a large aperture and high efficiency is proposed and demonstrated experimentally, and it also pos-
sesses wide field-of-view (FOV) imaging at the same time. The phase distribution of the conventional phase-type diffractive
lens (DL) is coded with a cubic function to expand both the working bandwidth and the FOV of conventional DL. The pro-
posed phase-type DL is fabricated by using the laser direct writing of grey-scale patterns for a PCDL of a diameter of
10 mm, a focal length of 100 mm, and a cubic phase coding parameter of 307r. Experimental results show that the working
bandwidth and the FOV of the PCDL respectively reach 50 nm and 16° with over 8% focusing efficiency, which are in
significant contrast to the counterparts of conventional DL and in good agreement with the theoretical predictions. This
work provides a novel way for implementing the achromatic, wide FOV, and high-efficiency imaging with large aperture

DL.

Keywords: achromatic imaging, diffractive lens, phase coding, large aperture, high efficiency
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1. Introduction

Diffractive optical elements (DOEs) have been applied to
many modern optical systems, such as ultra-large space tele-
scope primaries, ! spectroscopy,!?! x-ray microscopy,>* and
extreme ultra violet (EUV) lithography,! due to their unique
characteristics of light weight and compact size. As typical
DOEs, amplitude-type diffractive lens (DL), such as Fresnel
zone plates and photon sieves, can be used for optical imag-
ing. Fresnel zone plate is the earliest amplitude DL, which is
composed of a series of concentric transmissive and opaque
annular zones. The photon sieve, which is evolved from the
Fresnel zone plate, was proposed by Kipp ef al. in 200161 as
a new class of DOE. Unlike the Fresnel zone plate, the photon
sieve uses a large number of pinholes of different sizes to re-
place the transmissive annular zones of the Fresnel zone plate,
which is superior to the Fresnel zone plate in that it possesses
higher resolution and more flexible design. In 2005, An-
dersen proposed and fabricated a photon sieve, whose work-
ing wavelength is at 532 nm and effective working FOV is
+0.5°.17] However, as typical DOEs, amplitude-type DL suf-
fers severe chromatic aberration and off-axis aberration, and
therefore, it can work only at the designed wavelength and
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on-axis FOV (i.e. near-zero FOV), which significantly limits
the applications of conventional amplitude-type DL in opti-
cal imaging. In 2007, Andersen and Tullson further proposed
a broadband telescope system with a photon sieve as its pri-
mary mirror,8! in which the bandwidth of the system is ex-
tended to 40 nm with a set of complicated correction lenses.
In the same year, Furlan et al.!! fabricated and tested fractal
zone plates (FraZPs) which can be used in white-light imag-
ing. The physical mechanism of the FraZPs is that it produces
a series of subsidiary foci around each major focus. These
subsidiary foci provide an extended depth of focus for each
wavelength that partially overlaps with each other, producing
an overall extended depth of focus that is less sensitive to chro-
matic aberration. However, the price paid to reduce the chro-
matic aberration of FraZPs is a reduced resolution, low en-
ergy efficiency, and strong background stray light. In 2015,
Zhao et al."%! proposed and demonstrated an achromatic pho-
ton sieve based on the phase coding technology, in which a
separated bulk aspheric phase element is placed in front of a
conventional photon sieve to reduce the sensitivity of photon
sieve to incident wavelengths. In 2016, Zhao et al.l'!l further
proposed a wavefront coded photon sieve, in which the pin-
holes in the photon sieve are directly coded (i.e. positions of
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each pinhole are re-organized), and thus generating equal fo-
cusing power in a wide range of operating wavelength with a
single thin-film element without any other auxiliary elements.
The experimental results show that the working bandwidth of
the wavefront coded photon sieve reaches 28 nm at the cen-
tral wavelength of 632.8 nm. In the same year, Zhao et al.!'”]
also found that a wide FOV imaging with a photon sieve can
be achieved by coding the positions of pinholes of the pho-
ton sieve. The experimental results show that the FOV of the
phase-coded photon sieve reaches 4-4°. In 2017, Sun et al.!'’]
proposed a fully transparent photon sieve that has 100% trans-
mission efficiency. However, the proposed transparent photon
sieve can work only at a single designed wavelength and very
small FOV. In 2018, Li et al.!'* proposed a harmonic diffrac-
tion wavefront coded photon sieve that can be used in multi-
spectral imaging. However, the energy efficiencies of all those
amplitude-type DLs are limited to ~ 20% because the opaque
areas block at least half of the incident radiation.

Phase-type DL is an improvement over the amplitude-
type DL in terms of energy efficiency since a 27 phase shift is
introduced by varying the thickness of the transmitting lens
material, replacing the alternative transmissive and opaque
zones in the amplitude-type one. Physically, the working
principle of a phase-type DL is essentially the same as that
of amplitude-type DL so that conventional phase-type DL
can also work only at a designed single wavelength and on-
axis FOV. Recently, the direct-binary-search algorithm is used
to optimize the surface microstructure of achromatic DL. In
2018, Mohammad et al.!">! designed and fabricated two achro-
matic DLs with the direct-binary-search algorithm, which can
work in a visible band from 450 nm to 750 nm. However,
the larger one of their diameters is only ~ 0.36 mm, and
the higher one of their average focusing efficiencies is only
~ 40%, where their defined focusing efficiencies refer to the
power inside a circle of diameter equal to 3 times the size of
the corresponding diffraction-limited spot. In 2020, Meem et
al.l'9 created a large-area multi-level DL with a diameter of
4.13 mm, a bandwidth of ~ 35 nm, and transmission efficiency
of ~ 90% by using the direct-binary-search algorithm. How-
ever, the transmission efficiency refers to the power circled by
the spot of radius ~ 10x full width at half-maximum (FWHM)
and the provided figure shows that the relative encircled power
in 3xFWHM is only ~ 40%. In the same year, Doskolovich
et al.'""! proposed a method of designing spectral diffractive
lenses having a fixed focus position at several discrete wave-

lengths. The experimental results show that the efficiency val-
ues of a spectral diffractive lens with a diameter of 8 mm at
450, 500, 540, 580, and 620 nm are only 24.6%, 8.7%, 9.3%,
16.1%, and 23.3% respectively. On the one hand, it is difficult
to design a large aperture DL for achromatic imaging with the
optimal algorithm, which is limited by the computation cost of
optimization. On the other hand, these achromatic DLs opti-
mized by algorithms usually show low efficiency in the exper-
iment, which makes it difficult for them to obtain clear images
due to noise.

In this paper, a novel PCDL for achromatic imaging with
a large aperture and high efficiency is proposed and demon-
strated experimentally, in which the phase distribution is coded
by a cubic phase function based on the conventional Fresnel
diffractive lens. Owing to the introduction of the cubic term,
the proposed PCDL shows spectrally and spatially invariant
PSFs without using the optimization algorithm, which enables
the imaging of PCDL both in a wide wavelength range and a
wide FOV. A PCDL with a diameter of 10 mm, a focal length
of 100 mm is designed and fabricated. Both simulation results
and experimental results indicate that the proposed PCDL can
show diffraction-limited imaging simultaneously in a wave-
length range of 50 nm and an FOV of 16° without any compli-
cated auxiliary optical system. Further experiments show that
the PCDL has a high tolerance of ring width error which re-
duces significantly the difficulty in fabricating. Furthermore,
the focusing efficiency of the fabricated PCDL can reach 80%
under both 50-nm bandwidth illumination and 16° FOV. The
proposed PCDL provides a novel idea about large aperture
and achromatic diffractive lens with high focusing efficiency,
which has great potential applications in large space telescopes
and other imaging systems.

2. Theory of phase-coded DL

For a conventional phase-type DL (CDL), due to the char-
acteristic that its focal length is inversely proportional to the
wavelength, its chromatic aberration is essentially a defocus-
ing phenomenon caused by different focal positions at differ-
ent wavelengths. The wavefront coding technology is pro-
posed by Dowski and Cathey in 1995 to extend the depth of
focus, with a cubic phase mask used in the optical system.!'8]
The one-dimensional PSF h(x,Wy) of the wavefront coding
system can be approximated by the stationary phase method,

which can be described as!%!
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where x is the one-dimensional coordinate, W, is the tra-
ditional defocusing aberration constant in the unit of wave-
length, k is the wavenumber, and « is a phase coding param-
eter. As can be seen from the term (kWa)? + 67ocx and the
term 30 + 2[kWao|, the influence of Wy on the PSF h(x, Wa)
is weakened by ¢, which means that the PSF of the wavefront
coding system is tolerant to the defocusing aberration. The tra-
ditional defocusing aberration constant W»y can be described
as follows:
D> (1 1 D?

W= (7 Frar) =g @
where D is the diameter of the imaging system, f is the focal
length of the designed wavelength of the imaging system, and
Af is the distance out of focus. For a CDL, the relation be-
tween the wavelength and the corresponding focal length can
be written as

Af AL
T

where A is the designed wavelength, AA is the wavelength
drift, f is the focal length of A, and Af is the distance from
focus. Therefore, for a CDL, the relation between W and AA
can be related by

3)

W _AL-D?
20_78&]‘ .

It can be seen from Eq. (4) that the defocusing aberration con-

“4)

stant Wy is proportional to the wavelength drift AA, which
means that the influence of the wavelength drift AA on the
PSF h(x,Ws) can also be reduced by . Therefore, the wave-
front coding technology can be used to eliminate the chromatic
aberration of a CDL.

(a)

Besides, Zhao et al. also found that the wavefront cod-
ing technology can help the incident light in different FOVs
gain equal focusing power.!'?] Here, instead of inserting any
auxiliary elements into the optical system, a cubic term is in-
troduced into the phase function of CDL in our design to elim-
inate the chromatic and off-axis aberration, which can also
avoid huge computation cost of optimization and enable the
design of large aperture DL. In the wavefront coding system,
the occupied energy of the triangled PSF area is about 100%
of that of the image plane,!'”] hence the proposed PCDL can
achieve high focusing efficiency.

The phase distribution of a CDL can be described as

o(x,yA) =21 <ki (\/x2+y2+f2f)) )

where (x, y) is the position in the plane, A is the designed
wavelength, f is the designed focal length of the CDL, and
k is the integer used to ensure that ¢ is between 0 and 27.
The phase distribution of the PCDL is coded by a cubic phase
function based on CDL as follows:

o(x,,A)

3 3
~2s (1 (v ) ) o

27R3

where « is a phase coding parameter, R is the radius of the
PCDL, other parameters remain the same definition as those
in Eq. (5). When a large aperture PCDL is designed, its mi-
crostructure can be predicted by Eq. (6), which can avoid huge
optimization cost.

2000

—4000 —2000 O
27 R (pm)

Fig. 1. Phase distribution of (a) CDL and (b) PCDL. Sectional phase profile along y = x of (¢) CDL and (d) PCDL.

Figures 1(a) and 1(b) show the phase distribution of the
CDL and PCDL with the same diameter and focal length,
which are calculated from Eqs. (5) and (6) respectively. It is
seen in Fig. 1(b), compared with the rotationally symmetric
phase distribution of CDL shown in Fig. 1(a), the symmet-
rical axis of the phase distribution of PCDL is along y = x,
which clearly shows the distribution change due to the coding
effect. Figures 1(c) and 1(d) show the sectional profile of the
CDL and PCDL along y = x. Compared with the achromatic

[15-17

DLs optimized by algorithms, ! the coded micro-rings of

PCDL can greatly reduce the difficulty in designing.

3. Simulation
3.1. Achromatic imaging with PCDL

A PCDL with an aperture of 10 mm, focal length of
100 mm, designed wavelength of 650 nm, and phase coding
parameter @ = 307 is designed and simulated. After trying
different values of ¢, it is found that if ¢ is less than 307, the
consistency of the MTFs at different operating wavelengths is

074210-3
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not good enough. If o continues to increase from 307w, the
MTFs of the PCDL will become lower, which will result in
noise enhancement after deconvolution.?”) Therefore, a phase
coding parameter of 307 is chosen and used in our design. As
a comparison, a CDL (i.e., o« = 0) with the same lens parame-
ters as the PCDL is also simulated. For the CDL, the annular
microstructures are rotationally symmetric around the optical
axis and the number of annular microstructures is calculated
to be 192 within the lens aperture. For the PCDL, the mi-
crostructure is not rotationally symmetric and the numbers of
microstructures in different directions are different. The num-
ber of microstructures in the positive x direction is 177 and

the number in the negative y direction is 207. Figures 2(a)

A =625 nm A =630 nm A =635 nm

A =640 nm A =650 nm A =660 nm
A =665 nm A=670 nm A=675 nm

(a)

and 2(b) show the point spread function (PSF) of the CDL and
the PCDL, respectively, at different incident wavelengths from
A =625 nm to 675 nm. As expected, the CDL suffers large
chromatic aberration due to the high wavelength dependence.
The PSF of the CDL is diffused when the incident light devi-
ates from the designed wavelength of 650 nm [Fig. 2(a)]. In
contrast, the PSF of the PCDL remains unchanged within a
wide range of wavelengths from A = 625 nm to 675 nm. The
PSF of the PCDL outside the wavelength range of 625 nm—
675 nm shows deviation from the triangled shape. The band-
width between 625 nm and 675 nm can thus be considered
as an effective working bandwidth of the PCDL with a phase
coding parameter of o = 307.

A =625 nm A =630 nm A =635 nm

A =640 nm A =650 nm A =660 nm

A=670 nm  A=675 nm

(b)

Fig. 2. PSFs of (a) CDLand (b) PCDLat different incident wavelengths from A = 625 nm to 675 nm. (a) CDL, (b) PCDL.

A =650 nm A =660 nm

A =665 nm

A=670 nm

A=675 nm

Fig. 3. Normalized three-dimensional MTFs of (a) CDL and (b) PCDLat different incident wavelengths from A = 650 nm to 675 nm.

Figures 3(a) and 3(b) show the normalized three-
dimensional modulation transfer functions (MTFs) of the CDL
and their comparisons with the PCDL at the incident wave-
lengths from 650 nm to 675 nm. It can be seen from Fig. 3(b)
that the MTF of the PCDL is similar to that of the traditional

wavefront coding system.[*!l Figure 4 shows the normalized

MTFs along the positive x axis of the CDL in Fig. 1 and their
comparisons with the PCDL at the incident wavelengths from
65 nm to 675 nm. When the incident wavelength deviates
from the designed wavelength, the MTF of the CDL drops
sharply and zeros appear (dashed line), resulting in the loss

of spatial frequency in the image. In contrast, the MTFs of the

074210-4
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PCDL remain unchanged within the wavelength range from
A =625 nm to 675 nm. All the spatial frequency information
is preserved because there are no zero points appearing in the
MTFs from high to low frequency, which means that all the
intermediate blurred images can be restored by a fixed digital
filter, and therefore, the working bandwidth of the PCDL can
be significantly broadened.

Figure 5(a) shows the simulated imaging results of the
CDL at different incident wavelengths from A = 615 nm to
685 nm. When the incident wavelength deviates from the
designed wavelength, the image of the CDL becomes more
and more blurred because of its wavelength dependence. The
bandwidth of the CDL can be quantified by AA = +24%f/D?,
which is about +0.85 nm in our case.!®! Figure 5(b) shows
the intermediate blurred images of the PCDL. All simulated
sensor images include Gaussian noise, of which the mean and
variance are 4 and 5. It is seen that all the blurred images are
the same at different incident wavelengths from A = 625 nm
to 675 nm, which suggests that these images can be restored
with a fixed digital image filter. Figure 5(c) shows the restored
images of the PCDL in which the PSF at the designed wave-

|
[

- M1
TE S I

=
=14
NEI6

(NI EE

A=615 nm A=625nm A=635nm

[
asteny (I 1

A =650 nm

length is employed as the digital filter. As seen in Fig. 5(c), the
intermediate blurred images (A = 625 nm to 675 nm) can be
well restored and the resolutions of all restored images are al-
most the same as those of the CDL at the designed wavelength,
i.e. 650 nm.

1.0 N T T T T T T
. N —— A =650 nm
n N PCDL — A=660 nm
0.8f AN 4
v N —— A=670 nm
\ N —— A=675 nm
0.6 I s - - - A=650 nm
E N - - - A=660 nm
= .
0.4 - A=670 nm |
- A=675 nm
0.2 Py . 4

= T i
0 20 40 60 80 100 120

Spatial frequency (lp/mm)

Fig. 4. Normalized MTFs along positive x axis of the designed CDL and de-
signed PCDL in Fig. 1 at different incident wavelengths from A = 650 nm
to 675 nm.
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=14 =14 M=1Y
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n
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A=665nm A=675nm \=685nm

Fig. 5. Simulated results of (a) imaging with (a) CDL, (b) intermediate imaging with the PCDL, and (c) restored imaging with PCDL at different

wavelengths from A = 615 nm to 685 nm.
3.2. 16° FOV imaging with PCDL

The CDL and PCDL also show different imaging char-
acteristics in FOV. Figures 6(a) and 6(b) show the PSFs of
the CDL and the PCDL with the same parameters as those in
Fig. 2 at different FOVs from —8° to 8°. As expected, the
PSFs of the CDL are diffused with the increase of FOV devi-
ation from the 0° FOV (i.e. on-axis) [Fig. 6(a)], which means
that the CDL can work only at the near-0° FOV. In contrast,
the PSFs of the PCDL remain unchanged within a wide range
of FOV from —8° to 8°. The PSFs of the PCDL outside the
FOV range of —8° to 8° show deviations from the triangled

shape. The FOV between —8° to 8° can thus be considered as

an effective working FOV of the PCDL with a phase coding
parameter of o¢ = 307, which is a significant extension com-
pared with the CDL.

Figure 7 shows the normalized MTFs along the positive
x axis of the CDL in Fig. 1 and their comparisons with the
PCDL at different FOV from —8° to 8°. The MTFs of the
CDL drop significantly when the FOV deviates from the on-
axis. In contrast, the MTFs of the PCDL remain unchanged
in a range of FOV from 0° to 8°. The spatial frequency infor-
mation is preserved because there are no zero points appearing
in the MTFs from high to low frequency, which means that all
the intermediate blurred images can be restored, and therefore,
the working FOV of the PCDL can be significantly broadened.
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Field =—-8° Field=-5° Field=-2°

Fig. 6. PSFs of (a) CDL and (b) PCDL at different FOVs from —8° to 8°.

Figure 8(a) shows the simulated imaging results of the
CDL at different FOVs from —8° to 8°. It is seen that when
the FOV deviates from the 0° FOV (on-axis), the image of
the CDL becomes more and more blurred. Figure 8(b) shows
the intermediate blurred images of the PCDL, from which it is
seen that all the blurred images are the same at different FOVs
from —8° to 8°. Figure 8(c) displays the restored images of the
PCDL in which the PSF at the 0° FOV is employed as a dig-
ital filter. From Fig. 8(c), we can see that all the intermediate
blurred images can be well restored.
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Fig. 7. Normalized MTFs along positive x axis of CDL and the PCDL in
Fig. 1 at different FOVs from 0° to 8°.
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Fig. 8. Simulated results of (a) images produced by CDL, (b) intermediate blurred images produced by PCDL, and (c) restored images of intermediate

blurred images produced by PCDL, at different FOV from —8° to 8°.

3.3. Tolerance of ring width error

Fabrication errors pose a great influence on the imaging
quality of DOEs. The proposed PCDL can significantly loosen
the fabrication errors compared with conventional DLs which
usually require very stringent control of fabrication. Figure 9
shows the sectional phase profiles in the central portion of the
DL with (red line and blue line) and without (black line) ring

width error. The ring width error is defined as

w1, —-wo0,

6 =
WO,

x 10%, )

where W1, is the width of the m-th ring zone of the fabricated
PCDL, W0,, is the width of the m-th ring zone of the designed
DL, 6 > 0 means that the ring width of the actually fabricated
DL is larger than the designed value. The red line in Fig. 8
represents 6 < 0, and the blue line refers to 6 > 0.

Figures 10(a) and 10(b) show the PSFs of the CDL and
the PCDL at the designed wavelength after introducing differ-
ent errors of ring width. The PSF of the CDL is diffused when
the ring width error 6 > 0.1%, which means that the CDL
is sensitive to ring width error. As a comparison, the PSFs
of the PCDL remain unchanged in a wide range of § from
—2.5% t0 2.5%. The PSFs of the PCDL outside the 6 range
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from —2.5% to 2.5% show the deviations from the triangled
shape. The 6 between —2.5% and 2.5% can thus be consid-
ered as a tolerance range of ring width error of the PCDL with
a phase coding parameter of o = 307, which shows a feature
of significant extension of the tolerance of the ring width error
compared with that of the CDL (—0.1% < 6 < 0.1%).

Figure 11 shows the normalized MTFs along the positive
x axis of the CDL in Fig. 1 and their comparisons with the
PCDL at different values of 6 from —2.5% to 2.5%. It is seen
that MTFs of the CDL drop significantly when the ring width
error 6 > 0.1%. In contrast, the MTFs of the PCDL remain
unchanged within a range of § from —2.5% to 2.5%. This re-
sult indicates that the PCDL is insensitive to ring width error,
which greatly reduces the difficulty in fabricating.

(a)

(b)

§=0%

10 T T T T T T T
— Designed phase profile
I — Phase profile with negative ring width error )
8 F— Phase profile with positive ring width error A
7k 4
Q 6F )
3
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3k 4
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Fig. 9. Sectional profiles in central portion of DL with and without ring
width error.

§=0.1% §=1% §=2.5%

Fig. 10. PSFs of (a) CDL and (b) PCDLwith different ring width errors.
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Fig. 11. Normalized MTFs along positive x axis of CDL and PCDL in Fig. 1
with different errors of ring width.

4. Experiments
4.1. Fabrication of a PCDL and broadband achromatic
imaging
A PCDL (coding parameter ¢ = 307) and a CDL, both
with the same diameter of 10 mm and the same focal length
of 100 mm at designed wavelength 650 nm, are fabricated by
the grey-scale laser direct writing. Figure 12(a) shows the
photograph of the fabricated CDL (left circle) and the fabri-
cated PCDL (right circle). Figures 12(b) and 12(c) show the
sectional surface distribution and the line scan of the fabri-
cated PCDL respectively, which are well consistent with the

designed surface pattern.

0. Opm

0. Opm 288.0

200.0

100.0

—

Height (pm)
=

o

100 200 288

@ (pm)
Fig. 12. (a) Photograph of the fabricated DLs (CDL and PCDL are fabri-
cated on the same transparent substrate); (b) three-dimensional stereogram
of surface near the center of PCDL, and (c) sectional view of panel (b).

Achromatic imaging of the PCDL and its comparison
with the CDL are conducted. Figures 13(a) and 13(b) show
the illustrations of the experimental setups under different
bandwidths of illumination, which consist of a switchable
monochrome light source (laser, A = 650 nm) and a com-
pound light source (tungsten lamp, THORLABS, SLS201L).
The bandwidth of the tungsten lamp can be adjusted by a band-
pass filter. In the experiment, a collimator with a diameter of
55 mm and a focal length of 550 mm is used to generate a col-
limated beam. The resolution target of USAF1951 is used as
an objective. A CCD with a pixel size of 3.69 um (GS3-PGE-
91S6M-C) is placed at the focal length behind the DL.
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Electric
diffuser

.

Laser

Fig. 13. Experimental setup of DL imaging system under illumination at (a)
650-nm bandwidth and (b) 30-nm bandwidth or 50-nm bandwidth.

Figure 14 shows the experimental PSFs and the imaging
results of the fabricated CDL under different spectral band-
widths. The diameter of the theoretical airy spot of CDL with
an aperture of 10 mm, focal length of 100 mm at a designed
wavelength of 650 nm is 15.86 um. Theoretical limit resolu-
tion of the CDL measured by a collimator can be calculated

from the following formula:??!
res — DDL f collimator ’ (8)
1.224 fpL foL

where res is the theoretical limit resolution of the CDL mea-
sured by a collimator, Dpy, is the diameter of the CDL, A is
the designed wavelength of the CDL, fpy, is the designed fo-
cal length of the CDL, and f.ofimator 1S the focal length of the
collimator. When the resolution of a DL with a diameter of
10 mm and a focal length of 100 mm is measured by a colli-
mator with a focal length of 550 mm and a diameter of 55 mm,
its equivalent limit resolution is 22.92 lp/mm.

Firstly, the performance of the CDL under illumination at
a designed wavelength of 650 nm is evaluated. The left col-
umn of Fig. 14 shows that the optical resolution of the CDL
is about 20.16 lp/mm (i.e., the 3rd element in the 4th group
of the resolution target can be distinguished), which is very
close to the diffraction limit resolution calculated above. To
evaluate the imaging quality after restoration, the imaging re-
sult of the CDL at the designed wavelength is restored with
the corresponding PSF by using a non-blind deconvolution al-
gorithm. The total variation (TV)-based deconvolution is a
classic and useful non-blind deconvolution, which recovers
images from blurry observations with TV regularization. In
order to recover the blurry images more quickly, the Fast to-
tal variation deconvolution (FTVD), which is a fast algorithm
for TV-based deconvolution, is used here to reconstruct the
captured image.??! The restored image of the CDL at the de-
signed wavelength shows almost the same resolution as that of

the CDL imaging at the designed wavelength 650 nm. Sec-
ondly, the performance of the CDL under the illumination of
a broadband light source with a bandwidth of 30 nm and that
of 50 nm, respectively, are evaluated. The middle column of
Fig. 14 shows the PSF, the imaging result, and the restored
image of the CDL under the illumination of a broadband light
source with a bandwidth of 30 nm (A = 635 nm-665 nm).
The right column in Fig. 14 shows the PSF, the imaging re-
sult, and the restored image of the CDL under the illumina-
tion of a broadband light source with a bandwidth of 50 nm
(A = 625 nm—675 nm). It can be seen from Fig. 14(b) that
the wider the bandwidth of the incident light, the more blurred
the imaging result will be. Besides, as shown in Fig. 14(c),
after restoration, the optical resolution of the restored image
under the illumination of 30-nm bandwidth and 50-nm band-
width are 11.30 Ip/mm and 10.10 Ip/mm respectively, which
drop seriously compared with that of the CDL imaging at the
design wavelength. Besides, the wider the bandwidth of the
incident light, the more severe the noise of the restored image
is. The CDL suffers large chromatic aberration and can work
well only at a designed single wavelength, which extremely
limits the applications of the CDL.

w=1l
s=i

_2
s=m M=

2
=M
I .
vEm E
s=1l
BEIN

5 mes
2
e
=
A =650 nm A =635 nm~665 nm A =625 nm~675 nm

Fig. 14. (a) Experimental PSFs of CDL under different bandwidths of illumi-
nation; (b) aging results of PCDL under different bandwidths of illumination;
(c) restored images of PCDL under different bandwidths of illumination.

T ||

The PSFs and imaging results of the fabricated PCDL
with a coding parameter o = 307 are obtained under the same
experimental conditions as those in Fig. 13. Figure 15 shows
the measured PSFs and the imaging results of the PCDL under
different bandwidths of illumination. Figure 15(a) shows the
measured PSFs of the PCDL under different bandwidths of il-
lumination. It can be seen that the experimentally measured
PSFs are the same as those predicted in the simulation shown
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in Fig. 2(b). Figure 15(b) shows the intermediate blurred im-
ages, which are directly taken by the CCD. Although the in-
termediate images are blurred, they can be restored with the
measured PSFs. The restored images are shown in Fig. 15(c).
It can be seen that the intermediate blurred image can be well
restored and the restored images of broadband wavelength il-
lumination show almost the same resolution as that of the CDL
imaging at the designed wavelength 650 nm. Therefore, it can
be concluded that the CDL can work well only at a single
designed wavelength, but the PCDL with a coding parame-

ter & = 307 can work under illumination with up to 50-nm
bandwidth.

2 3
2=l W "=
= ...
y=1
s=1
BN

2 3 N
= miz | Snm 'g,',,_
a=Il .. = ..
3 || I w=1
s=1 s=1
E=IN "I=l g=

=,

A =650 nm A =635 nm~665 nm A =625 nm~675 nm

Fig. 15. (a) Measured PSFs of PCDL under different bandwidths of illu-
mination; (b) intermediate blurred images produced by PCDL under differ-
ent bandwidths of illumination; (c) restored image of PCDL under different
bandwidths of illumination.

|||=1

The focusing efficiency of the fabricated DL is measured
using the experimental setup shown in Fig. 13, in which the

CCD is replaced by an optical power meter. The focusing ef-
ficiency is defined as the ratio of the power over the triangled
PSF area to that over the lens aperture. The experimental re-
sults show that the focusing efficiency of the PCDL reaches up
to 83.5% at 0° FOV in a working band with 50-nm bandwidth
centered at 650 nm.

4.2. 16° FOV imaging with PCDL

As is well known, the CDL imaging suffers severe off-
axis aberration, and therefore, it can work only at the near-
0° FOV, which significantly limits the applications of CDL in
imaging. However, the introduction of the cubic term modifies
the orientation of phase distribution of DL, and thus chang-
ing the wavefront of the transmitted focusing light so that the
incident light with a wide range of FOV gains equal focus-
ing power. The proposed wide FOV imaging at the designed
single wavelength with a single PCDL is experimentally vali-
dated and compared with a CDL with the same parameters. In
the experimental setup (Fig. 13), the rotation stage is used to
change the incident angle of the incident light.

We first evaluate the performance of the fabricated CDL
with FOV from —8° to 8° at the designed wavelength of
650 nm. Figures 16(a) and 16(b) show the measured PSFs and
target images generated by the CDL. The PSFs and images of
the CDL are diffused with the increase of FOV deviation from
the 0° FOV (on-axis).

As a comparison, figure 17 shows the measured PSFs and
images of the fabricated PCDL at different FOVs from —8°
to 8° at the designed wavelength 650 nm. Figure 17(a) shows
The PSF distribution of
the PCDL remains almost unchanged in a wide range of FOV

the experimentally measured PSFs.

from —8° to 8°. Figure 17(b) shows the intermediate blurred
images produced by the PCDL at different FOVs from —8°
to 8°, which are almost identically blurred due to the almost
unchanged PSFs.

2—||| m s
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=i m i
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Field = —8° Field =— Field =—2° Field=0° Field =2° Field =5" Field = 8°
Fig. 16. Measured (a) PSFs and (b) images of CDL at different FOVs under designed wavelength.

The blurred images of the CDL and the PCDL at the designed wavelength are, respectively, restored by using their own
PSF at 0° FOV. Figure 18(a) shows the restored images of the CDL at different FOVs from —8° to 8°, which shows that the
restored images suffer increasingly severe artifacts with the increase of FOV deviation from 0° FOV. Figure 18(b) shows that the
intermediate blurred images of the PCDL at different FOVs can be well restored by using the PSF at 0° FOV, and the restored
images at different FOVs from —8° to 8° show almost the same resolution as that of the CDL on-axis imaging at the designed
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wavelength 650 nm. It can be concluded that compared with the CDL, the PCDL can greatly broaden the FOV at the designed
wavelength.

Field = —8° Field =—-5° Field=—-2° Field=0° Field =2° Field=5" Field =8°

Fig. 17. Measured (a) PSFs and (b) intermediate blurred images of the PCDL at different FOVs under designed wavelength.
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Fig. 18. Restored images of (a) fabricated CDL and (b) fabricated PCDL at different FOVs under designed wavelength.
4.3. Achromatic and 16° FOV imaging with PCDL the CDL with FOVs from —8° to 8° in a bandwidth of 50-
In this subsection, whether the PCDL has the ability to nm illumination is first evaluated. Figures 19(a) and 19(b)
implement both achromatic imaging and off-axis imaging si-  show, respectively, the measured PSFs and the target images of

multaneously is demonstrated. The fabricated CDL and PCDL  the CDL. As expected, under the illumination of 50-nm band-
are used and compared. The bandwidth of the illumination

width, the CDL cannot image clearly even at the near-0° FOV
centered at 650 nm is set to be at 50 nm. The performance of

because of the severe effect of chromatic aberration.
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Fig. 19. Measured (a) PSFs and (b) images of fabricated CDL at different FOVs under illumination of 50-nm bandwidth centered at 650 nm
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Fig. 20. Measured (a) PSFs and (b) intermediate blurred images of the PCDL at different FOVs under illumination with 50-nm bandwidth centered at
650 nm.
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Fig. 21. Restored images of (a) fabricated CDL and (b) fabricated PCDL at different FOV's under illumination of 50-nm bandwidth.
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As a comparison, figure 20 shows the measured PSFs and
the images of the fabricated PCDL at different FOVs from
—8° to 8° in a 50-nm bandwidth centered at 650 nm. Fig-
ure 20(a) shows the experimentally measured PSFs. The PSF
distribution of the PCDL remains almost unchanged within a
wide range of FOVs from —8° to 8° in the working band. Fig-
ure 20(b) shows the intermediate blurred images produced by
the PCDL, which are almost identically blurred due to the al-
most unchanged PSFs.

The blurred images of the CDL and the PCDL under il-
lumination with 50-nm bandwidth are, respectively, restored
by using their own PSF at 0° FOV. Figure 21(a) shows the re-
stored images of the fabricated CDL at different FOVs from
—8° to 8°, which shows that the restored images are still dif-
fused and suffer increasingly severe effects of noise with the
increase of FOV deviation from the 0° FOV. Figure 21(b)
shows that the intermediate blurred images of the fabricated
PCDL at different FOVs can be well restored by using the PSF
of 0° FOV and the restored images at different FOV's from —8°
to 8° show almost the same resolution as that of the CDL on-
axis imaging at the designed wavelength 650 nm. It can be
concluded that compared with the CDL, the PCDL can greatly
broaden the FOV under illumination with 50-nm bandwidth
centered at 650 nm.

Besides, the measured focusing efficiency of PCDL at dif-
ferent FOVs from —8° to 8° are all over 80% as shown in
Fig. 22. The results clearly show that the PCDL can work si-
multaneously under both 50-nm bandwidth illumination and
16° FOV with high focusing efficiency.
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Fig. 22. Measured focusing efficiency of PCDL at different FOVs in a 50-
nm bandwidth centered at 650 nm.

5. Conclusions

We proposed and experimentally demonstrated a novel
method to broaden the working bandwidth and the FOV of
large-aperture DL with high efficiency. The orientation of
phase distribution of a DL with a diameter of 10 mm is phase-
coded, and thus generating equal focusing power for 50-nm
bandwidth and 16° FOV with over 80% focusing efficiency.
Experimental validation is performed by using a PCDL fab-
ricated with the laser direct writing of a grey-scale pattern.
The results show that the working bandwidth of the PCDL
reaches 50 nm compared with 1.69 nm in CDL. The experi-
mental results are in good agreement with the theoretical sim-
ulations. Further experiments show that the introduction of

the cubic phase term can expand the FOV of the DL, in which
the FOV of the PCDL reaches 16° compared with almost 0°
in the CDL. It should be noted that the image quality can be
further improved when optimized restoration algorithms are
applied or the coding parameter « is further optimized. In ad-
dition, the PCDL shows high tolerance to errors of the ring
width which reduces significantly the difficulty in fabricating.
The proposed method of coding the phase distribution of a DL
opens a new way of designing large-aperture diffractive phase-
type lenses for achromatic and wide FOV imaging with high
efficiency.
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