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We present a kind of large effective aperture metalens based on an optical sparse aperture (OSA) system. Each
subaperture of the system is a metalens, which is comprised of just a thin Au film with patterned subwavelength
rectangular annular arrays on a SiO2 substrate and has a numerical aperture of 0.46 with a diameter of 21.6 μm.
Ring6 design was selected to enlarge the effective aperture and enhance the spatial resolution. Compared with
the absent mid-frequency and high-frequency modulation transfer function of individual metalens, Ring6 can
offer a full-frequency band and show a better restored image quality by using Tikhonov regularization.
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Lenses as fundamental elements to imaging systems have
traditionally been made in the bulk form by shaping glass
or other transparent materials, which hinders their inte-
gration in compact optical systems and limits their appli-
cations in integrated optics. Recently, the advent of the
metalens with ultrathin, lightweight, and tailorable char-
acteristics has attracted intense interest due to their
applicability to both consumer [phone cameras, virtual
reality (VR)/augmented reality (AR) headsets] and in-
dustry products (microscopy, lithography, sensors, and
displays)[1–9]. In contrast to traditional lenses, the phase
shift of the metalens is determined by the subwavelength
geometrical structures rather than relying upon gradual
phase accumulation. However, the billions of subwave-
length structures of the metalens pose a serious challenge
for fabrication, especially for large-area ones.
Most metalenses have so far been fabricated with e-beam

lithography, which is with high cost and low process speed
not suitable for size scalability. Recently, stepper lithogra-
phy and imprint lithography also have been used to over-
come these limitations[10–14]. However, the exposure field size
of the lithography also hinders further enlarging the size of
metalenses. Optical sparse aperture (OSA) systems have
already been used in telescope optical systems and been de-
signed to obtain the same resolution as a larger filled aper-
ture but with a significant reduction in size and weight by
combining the light collected by smaller, individual aper-
tures. Many designs have been proposed and studied, such
as Golay, Ring, and Tri-arm sparse aperture designs. This
concept is very appealing in technology areas where a filled
aperture is too large or hard to fabricate. Sparse aperture

concepts have been used to design large astronomical tele-
scopes as well as small endoscopic probes[15–23].

In this Letter, we introduce the OSA system into the
metalens imaging system to enlarge the effective aperture
and enhance the spatial resolution by using several smaller
subaperture metalenses combinations with low cost and
easy fabrication. For this purpose, an individual transmit-
ted metalens was proposed, which consists of just a thin
Au film with patterned subwavelength rectangular annu-
lar arrays on a SiO2 substrate and has a numerical aper-
ture (NA) of 0.46 with a diameter of 21.6 μm. The OSA
design of Ring6 was selected to enlarge the effective
aperture. The numerical simulation shows that the effec-
tive aperture of Ring6 can be almost ten times larger
than that of the individual metalens. In addition, com-
pared with the absent mid-frequency and high-frequency
modulation transfer function (MTF) of individual metal-
enses, the MTF of Ring6 can offer a full-frequency band
and show a better restored image quality by using Tikho-
nov regularization.

We have designed a transmission metalens of 21.6 μm
diameter, 9.5 μm focal length (f ), corresponding to a 0.46NA,
and optimized for diffraction-limited focusing in normal
incidence at wavelength 1.7 μm (λ), which is shown in
Fig. 1(a). In order to produce the lensing effect, the trans-
mission metalens imposing a spatial profile of phase shifts
on the wavefront is satisfied by the following equation:

φðx; yÞ ¼ 2nπ þ 2πf
λ

−
2π
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f 2 þ x2 þ y2

p

λ
; (1)
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where λ is the wavelength, n is an arbitrary integer, and f
is the focal length. To realize the target phase given by
Eq. (1), a structure is comprised of a thin Au film with
a patterned subwavelength rectangular annular element
on a SiO2 substrate. As seen in Figs. 1(b) and 1(c), the
period of the rectangular annular element is P. The thick-
ness of Au is H , and the width and length of the annular
gap are W and L, respectively. The numerical simulation
was carried out by using the finite difference time domain
method (FDTD module, Lumerical Inc.). In this work,
the parameters of the proposed structure are fixed:
P ¼ 0.8 μm, L ¼ 0.6 μm, and H ¼ 0.4 μm, respectively.
Figure 1(d) gives an optimized transmission and phase
of the transmission wave as a function of the width of the
annular gap at 1.7 μm. By varying theW from 0.015 μm to
0.3 μm, the element was able to produce 2π phase shift, a
31.35% average transmission, and a 21.06% focusing effi-
ciency. Figure 1(e) shows the light intensity in the X–Z
plane at y ¼ 0 μm. A clear-cut focus appears about 9.5 μm
away from the exit surface, which is the basic agreement
with our design. Figure 1(f) shows the light intensity in the
X–Y plane at z ¼ 9.5 μm, and the cross section of the focus
spot in the X direction is given in Fig. 1(g), indicating a full
width at half-maximum (FWHM) of 1.2 μm, which is close
to the theoretical diffraction limit of 0.96 μm.
The Ring6 design, as shown in Figs. 2(a) and 2(b), is a

design of OSA that combines the light from six individual
subaperture metalenses of diameter d separated by a
distance s to synthesize a larger aperture. Golay6 and
Tri-arm7 are other designs, as seen in Figs. 2(c) and 2(d).
For a sparse aperture, the ratio s∕d cannot be less than
one, because this would cause the subapertures to overlap.
The diameter D of a circular aperture is used to calculate
effective aperture, which can represent the size of the

aperture that the sparse aperture synthesizes. The fill
factor is the total area of the subapertures divided by
the effective aperture area and is given by

F ¼ Nd2∕D2; (2)

where N is the number of the subapertures. The normal-
ized MTF is calculated by taking a Fourier transform of
the point spread function (PSF). For comparison, Fig. 2(e)
gives the one-dimensional (1D) normalized MTFs along
the frequency axis of three designs (Ring6, Golay6,
Tri-arm7), of which the s∕d are all equal to one; the
low-frequency and mid-frequency MTFs of Ring6 are sig-
nificantly higher than that of the Golay6 and Tri-arm7
designs, which indicate that a better imaging restoration
will be generated. Thus, in the following section, the MTF
and corresponding imaging restoration of Ring6 will be
investigated. Figure 2(f) gives the 1D normalized MTFs
of the three kinds of systems [individual metalens, Ring6
(F ¼ 64.62%, s∕d ¼ 1), and effective aperture of Ring6].
The MTFs of the different apertures were normalized
to the effective aperture of Ring6. As seen in Fig. 2(f),
the MTF of individual metalenses drops significantly
and zero appears at 0.34 along the frequency axis, result-
ing in the loss of the mid-frequency and high-frequency
of the image. The image quality will be deteriorated.

Fig. 1. Metalens structure and corresponding optical properties.
(a) Three-dimensional (3D) schematic diagram of the metalens.
(b) 3D schematic diagram of rectangular annular element.
(c) Top view of rectangular annular element. (d) Optimized re-
sults of the transmission (blue line) and phase shift (black dots).
(e) Intensity distribution profile of the X–Z plane at y ¼ 0 μm.
(f) Intensity distribution profile of the X–Y plane at z ¼
9.5 μm. (g) FWHM of the metalens at a focal point.

Fig. 2. OSA designs and corresponding MTFs. (a) The Ring6
aperture and parameters in OSA designs. (b) The Ring6 design.
(c) The Golay6 design. (d) The Tri-arm7 design. (e) 1D MTF
comparison (Ring6, Golay6, and Tri-arm7). (f) 1D MTF com-
parison (individual metalens, Ring6, effective aperture of Ring6).
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In contrast, the Ring6 system can combine the light
captured by subaperture metalenses to capture a higher
spatial resolution than possible from any of the individual
subapertures[19]. As seen in Fig. 2(f), no zero point appeared
in theMTF of Ring6, and the blurred image can be restored
by using Tikhonov regularization. As previously men-
tioned, the diameter of the metalens is 21.6 μm. Thus,
the area of the individual metalens and the effective aper-
ture of Ring6 are 366 μm2 and 3.47 × 103 μm2. The exten-
sion ratio is the effective aperture of Ring6 divided by
the individual metalens. The extension ratio of Ring6
(F ¼ 64.62%) is 9.48. As it continues to decrease the fill
factors, the extension ratio of Ring6 can be up to 20 until
the zero point of the MTF of Ring6 appears.
An imaging process for Ring6 system was simulated and

then restored by using Tikhonov regularization. As shown
in Fig. 3(a), the cameraman was used as an original image,
and the picture size is 256 × 256. Figures 3(b)–3(d) show
the imaging results restored by Tikhonov regularization of
the three kinds of systems (individual metalens, Ring6,
and effective aperture of Ring6). As expected, an individ-
ual metalens suffers from the size of the aperture, in which
a blurred restored image is generated. As a comparison,
the restored image quality of Ring6 is significantly better
than that of individual metalenses and shows almost the
same resolution as the image of the effective aperture of
Ring6. The peak signal to noise ratio (PSNR) was used
to evaluate the quality of the restored image. The PSNR
of the individual metalens is 31.80, and the PSNRs of
Ring6 and the effective aperture of Ring6 are 39.07 and
39.40. The PSNR of the Ring6 is higher than that of
the individual metalenses and almost equal to the PSNR
of the effective aperture of Ring6. Consider the effective

aperture of Ring6 as a large size metalens whose area is
3.47 × 103 μm2. As previously mentioned, the area of
the individual subaperture is 366 μm2, and the area of
Ring6 is 2.198 × 103 μm2. Compared with the large size
metalens, Ring6 can offer lower fabrication costs and al-
most the same resolution of restored image as the image
resolution of the large size metalens by using Tikhonov
regularization. In addition, the larger effective diameter
can be obtained by introducing more types of OSA
designs.

In conclusion, the OSA system was introduced into the
metalens imaging system to enlarge the effective aperture
and enhance the spatial resolution by using several smaller
subaperture metalens combinations with low cost and
easy fabrication. For this purpose, an individual transmit-
ted metalens was proposed, which consists of just a thin
Au film with patterned subwavelength rectangular annu-
lar arrays on a SiO2 substrate and has an NA 0.46 with a
diameter of 21.6 μm. The OSA design of Ring6 was
selected, and the numerical simulation shows that the
effective aperture of Ring6 can be almost ten times larger
than that of the individual metalens. In addition, com-
pared with the absent mid-frequency and high-frequency
MTF of individual metalenses, the MTF of Ring6 can offer
a full-frequency band and show a better restored image
quality by using Tikhonov regularization. This method
can be used to promote the application of metalenses in
VR devices or biological imaging techniques.
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