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The achromatic subdiffraction lens with large numerical aperture (NA) is of significant importance in optical
imaging, photolithography, spectroscopy, and nanophotonics. However, most of the previous research on sub-
diffraction lenses has been restricted by limited bandwidth and efficiency as well as severe chromatic aberrations.
In this paper, a semicircular gradient index lens (sGRIN) with a modified refractive index profile originated from a
Maxwell fish-eye lens is put forward to achieve highly efficient (above 81%) achromatic (4-20 GHz) subdiffrac-
tion focusing at the focusing line (around 0.281) with large NA of 1.3 and broadband diffraction-limited far-field
radiation (4-16 GHz) theoretically, which overcomes the drawbacks of previous works. The presented lens is
designed by gradient dielectric metamaterials. Evanescent waves ignited at the lens/air interface and transforma-
tion of electromagnetic (EM) waves with high spatial frequency in sGRIN to EM waves with low spatial frequency
in air are responsible for subdiffraction focusing and diffraction-limited far-field radiation, respectively.
Experimental results demonstrate the excellent performance of achromatic subdiffraction focusing and diffrac-
tion-limited far-field radiation. The presented lens has great potential to be applied in subdiffraction imaging

systems. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.427322

1. INTRODUCTION

Controlling the propagation of electromagnetic (EM) waves in a

lenses were later fabricated to achieve negative refraction and
were experimentally verified through different ways such as a
thin slab of silver [3] or SiC [4], photonic crystals [5], nega-
tive-index metamaterial [6] and metal-dielectric composites
[7]. However, for these resonance-based negative index designs,
the loss of materials made it inevitable that superlenses only il-
lustrate  subwavelength performance in the near field [8].
Alternatively, hyperlenses were proposed, relying on strongly
anisotropic metamaterials with hyperbolic dispersions [9,10]
to construct high-resolution imaging in the far field by magnify-
ing deep subwavelength detail of objects. 2D and 3D versions of

predesigned way is highly expected due to curiosity in funda-
mental physics and increasing technological demands in imaging
and telecommunications. The bulky dielectric refractive lenses
and parabolic mirrors are conventional lenses for focusing and
imaging. The resolution of conventional lenses is confined to
0.54/NA due to the decadence of evanescent waves, where
NA is the lens numerical aperture. To overcome the resolution
of conventional lenses restricted by the diffraction limit [1], a

large number of approaches have been put forward to accomplish
superresolution, owing to its paramount importance in various
applications such as imaging, noncontact sensing, and photoli-
thography. A perfect lens originating from a flat lens comprising
ideal negative refraction medium, was first pushed forward [2] to
fulfill a perfect image via restoring both the phase of propagating
waves and the amplitude of evanescent states. Various super-

2327-9125/21/102088-07 Journal © 2021 Chinese Laser Press

hyperlenses [11-13] were implemented by curved multilayer
structures with alternatively arranged metal and dielectric layers.
But the inherent loss and narrowband characteristics of super-
lenses and hyperlenses greatly hinder their applications.

To solve the intrinsic problem of superlenses and hyper-
lenses, the superoscillation lens (SOL) has been proposed.
Based on the mechanism of superoscillation [14—17], many sca-
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lar SOLs [18-20] and vector SOLs [21-23] have been
designed to accomplish far-field superresolution without evanes-
cent waves. However, these SOLs” working bandwidth is re-
stricted to just one single frequency [24] or some discrete
frequency points [25]. Even worse, when the resolution in-
creases, the sidelobe of the focusing spot in the far field will dra-
matically rise [26]. To overcome the drawbacks of SOL,
supercritical lenses (SCLs) [27,28] and photon sieves [29] were
proposed. Ultralong working distance and subdiffraction focus-
ing (0.4071) without significant sidelobes were achieved by
SCLs. But the problem of narrow operational bandwidth was
not solved. On the other hand, achromatic metalenses originat-
ing from metasurface [30-32] that have gained broad bandwidth
and outstanding imaging performance in the visible [33-35] and
terahertz regime [36] as well as the near-infrared spectrum
[37,38] are confined by the Abbe diffraction limit and limited
NA. The solid immersion lens [39], a thick lens on the micro-
scale [40] and nanoscale [41] has both a higher magnification
and NA due to application of high refractive index (RI) solid
material and suffers from strong chromatic aberrations. Until
now, it has still been a great challenge to implement highly effi-
cient achromatic subdiffraction lenses with large NAs.
Moreover, gradient refractive index (GRIN) lenses have pre-
sented excellent performance in focusing [42—46], imaging

[47-49], magnifying the far field [50,51], and beam forming
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[52,53]. The Maxwell fish-eye (MFE) lens [54] has been vali-
dated to generate an achromatic image with a large NA.
Consequently, a new semicircular gradient index lens (sGRIN)
with a modified RI distribution is proposed. Broadband
(7-13 GHz) highly efficient (above 89%) achromatic subdif-
fraction focusing at the focusing line with full width at half-
maximum (FWHM) around 0.284 and NA of 1.3 as well as
diffraction-limited far-field radiation (0.561) from 4 to
16 GHz has been realized experimentally. Composite dielectric
materials and photocurable resin with low loss have been used
to design and fabricate a multilayered gradient periodic struc-
ture. Both theoretical analysis and measured data reveal that the
presented lens displays quite good performance in subdiffrac-
tion focusing and diffraction-limited radiation over a broad-
band of frequencies. This sGRIN’s verified ability to
generate achromatic subdiffraction focusing with a large NA
and diffraction-limited far-field radiation indicates that it could
be integrated into subdiffraction imaging systems.

2. THEORETICAL DESIGN OF sGRIN
Let us start from the RI profile of the classical half-MFE lens as

follows:
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Focusing performance of sGRIN. (a) RI profile of sGRIN; (b) map of electric near-field intensity profile at the focusing line in the

frequency range of 4 to 20 GHz; (c) calculated electric near-field intensity distribution; (d) related FWHM; (e) focusing efficiency of proposed

sGRIN.
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where R defines the radius of the lens, 7 is the distance from the
center of the lens, and 7, indicates the RI at the circumstance.

ny is conventionally determined as 1; such a hal-MFE lens
is impedance matching to the background medium (usually
free space). There are no reflection and evanescent waves arising
at the lens/air interface. The FWHM and NA of this classical
half-MFE lens are around 0.364 and 1.0, respectively. In order
to arouse evanescent waves at the upper side of lens/air interface
to further enhance the focusing performance and achieve
broadband achromatic subdiffraction focusing, the value of
ng, which is also the RI at the lens/air interface, should be in-
creased. However, the RI at the edge must be reasonable be-
cause a too large RI at the lens/air interface will lead to
severe impedance mismatch. Then, the achromatic focusing
performance will also severely deteriorate. According to this
principle, through a large number of parametric simulations
in exhaustive methods via the commercial software package
COMSOL 5.5, it is found that the value of 7, should be in-
creased slightly to 1.3. From full-wave numerical simulations, it
can be seen that the related FWHM of the focusing spot
descends to around 0.284, which has overcome the diffraction
limit further compared to the classical half-MFE lens. The pro-
posed sGRIN is achromatic, and the corresponding half of the
light cone angle is 90°, as displayed in Fig. 1(c). In this specific
design, the related NA of presented sGRIN could be as large
as 1.3.

For obtaining the lowest reflection at the lower side of the
lens/air interface and widest operating frequency band, through
numerous numerical simulations via the exhaustive method for
the 7y of 1.3 in COMSOL 5.5, it is found that the RI distri-
bution of the lens should be adjusted to 2.6/[1 + (r/R)'*], as
depicted in Fig. 1(a). To study the subdiffraction focusing of
the designed lens quantitatively, the map of near-field electric
intensity distribution at the focusing line from 4 to 20 GHz is
shown in Fig. 1(b). The higher the frequency is, the narrower
the focusing band is. The related near-field electric intensity
profile and FWHM are illustrated in Figs. 1(c) and 1(d).
The values of FWHM are all around 0.304, as shown in
Fig. 1(d). To evaluate focusing efficiency, the focusing effi-
ciency defined by the fraction of collected light at the focus
line with a radius equal to 3 times the FWHM of the focus
spot [55] is adopted. Figure 1(e) reveals focusing efficiency
at the focusing line is all above 81% numerically for this con-
tinual model. Achromatic subdiffraction focusing originating
from evanescent waves at the upper side of the lens/air interface
is verified, as predicted.

According to the reciprocity principle [56], the process of
transforming EM wave propagation with low spatial frequency
in air into EM wave propagation with high spatial frequency in
sGRIN to generate subdiffraction focusing [Fig. 1(c)] can be
reversed. This is confirmed by applying the two-point sources
technique, which has been widely adopted to determine the
resolution of an optical system. Two-point sources are located
at the vertex of the sGRIN separated by 0.564 (10 GHz). It can
be seen from Fig. 2(b) that an EM wave with high spatial fre-
quency experiences strong interaction with the designed GRIN
lens, which arouses effective propagation. The electric field re-
ceived at the far field (y > 34) is about |E| ~ 0.4. Since source
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Fig. 2. Principle of diffraction-limited far-field radiation of sGRIN.
(a) sGRIN with RI distribution of 2.6/[1 + (#/R)']; (b) mean elec-
tric field amplitude as a function of distance from two-point sources
(transverse electric polarization), EM waves experience strong interac-
tion with gSIL and transport into the far field. Gradient periodic
modulation in sGRIN is observed. (c) Far-field radiation pattern of
two-point sources of 10 GHz; (d) map of normalized far-field intensity
profile of two-point sources with distances of 0.564 from 4 to 16 GHz;
(e) related well depth; and (f) the distance between the two sources.

amplitude |E| = 1, this equals |E|*> = 16% of total EM en-
ergy, which demonstrates that near-field subwavelength infor-
mation is transported to the far field. Therefore, EM waves
with high spatial frequency propagating in sGRIN are trans-
formed into EM waves with low spatial frequency propagating
in air, which contributes to diffraction-limited far-field radia-
tion, as shown in Fig. 2(c). The two main lobes with a well
depth of -7 dB are clearly observed. The normalized far-field
radiation patterns of two sources with distance of 0.564 from
4 to 16 GHz are presented in Fig. 2(d). The extracted well
depth shown in Fig. 2(e) reveals that two distinct main lobes
with well depths below -5 dB are yielded, which means that
these two-point sources are reconstructed and discernible in
the far field over a wide frequency range.

3. STRUCTURAL DESIGN AND SIMULATED
RESULTS

Owing to the fact that the RI distribution of the designed lens
originating from the classical hal-MFE (HMFE) lens is non-
magnetic, inhomogeneous, and isotropic, all dielectric nonreso-
nant metamaterials could be applied. For this specific RI profile
varying from 7., = 1.3 at the verge to 7, = 2.6 at the
center, five kinds of low-loss dielectric materials are adopted,
namely, TP-2 dielectrics with permittivity of 4, 5, 6, 7, respec-
tively, and photocurable resin (Vero White Plus RGD835) with
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permittivity 2.8. The permittivity and loss of five selected
materials are invariable in the operational bandwidth. To com-
plete the design and manufacturing of the RI profile, a stepped
RI profile is utilized to fit the curve of the ideal one, as shown in
blue line in Fig. 3(a). The lens is divided into 53 layers. In line
with these five dielectric materials, the designed lens is consti-
tuted of five regions depicted in the lower inset in Fig. 3(a).
The outer region marked as region 1 comprises gradient inversed
Y-shaped unit cells and spatially drilled air holes with gradient
diameters. Four inner regions all consist of spatially drilled air
holes with gradient diameters. The effective RI for the above unit
cells is derived by effective medium theory and the S-parameter
retrieval method. By adjusting the widths of the inversed
Y-shaped unit cells and varying the diameters of drilled air holes,
the stepped RI profile can be implemented. Figure 3(b) is the
associated computer aided design (CAD) drawing of sGRIN.
To demonstrate the effectiveness of our designed unit cells,
the subdiffraction focusing and diffraction-limited far-field
radiation pattern of the designed lens with a discrete RI distri-
bution are simulated. For the subdiffraction focusing perfor-
mance, the map of the near-field electric intensity profile at
the focusing line with respect to the frequency range from 4
to 20 GHz is given in Fig. 3(c). The focusing band becomes
narrower and narrower with the frequency increasing. In line
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with the FWHM tendency in Fig. 3(d), it is found that the
FWHM of designed structure varies from 0.281 to 0.304,
which agrees well with that of the theoretical one in overall
trend. Accordingly, the focusing efficiency at the focusing line
presented in Fig. 3(e) of the designed structure is higher than
that of the theoretical one (nearly all above 98% numerically for
this designed structure). It is validated that our design strategy
is effective and practical.

The far-field radiation pattern of the designed lens is inves-
tigated by analyzing its well depth. Figure 3(f) presents the map
of the normalized far-field radiation intensity profile fed by two
sources with a distance of 0.564 from 4 to 16 GHz. Two main
beams in the far field are clearly observed when the lens is fed
by the two sources. The extracted well depth of the far-field
radiation pattern fed by two sources is exhibited in Fig. 3(g).
The dashed blue line represents the well depth’s theoretical val-
ues. Except for the frequency above 12 GHz, the well depth of
the numerical one is deeper than that of the theoretical one in
general trend, which are all below -8 dB. It is clear that the
discrete lens’ performance is consistent with that of the original
design with continuous RI distribution.

The designed discrete subdiffraction focusing lens is manu-
factured by computer numerical control (CNC) machining
technology and 3D printing technology.
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Fig. 3. Design and simulated results of sGRIN. (a) RI profile of sGRIN (dotted red line) and the discrete (solid blue line) one. The inset depicts
three kinds of unit cells adopted based on the three regions in sGRIN. (b) Schematic of sGRIN; (c) map of simulated near-field intensity profile at
the focusing line from 4 to 20 GHz; comparison between simulated (d) FWHM and (e) focusing efficiency of sGRIN with a discrete RI distribution
(red solid line) and that of the original sGRIN with a continuous RI distribution (blue dashed line); (f) map of simulated normalized far-field
intensity profile; (g) related well depth; distance between two feeding sources.
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Fig. 4. Experimental results of subdiffraction focusing and diffraction-limited far-field radiation. (a) Photograph of the fabricated sample;
(b) experimental map of near-field intensity profile at the focusing line from 7 to 13 GHz; (c) measured electric near-field intensity distribution
and the corresponding FWHM of the combined lenses; comparison between the experimental (d) FWHM and (e) focusing efficiency of sGRIN (red
solid line) with calculated results of sGRIN with a continuous RI distribution (dashed blue line); (f) schematic of the lens antenna; (g) map of
measured far-field radiation intensity profiles fed by two sources with a subwavelength distance 0.564; (h) comparison between the measured well
depths and the calculated results of sGRIN with a continuous RI distribution.

4. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 4(a) is the photograph of the fabricated sample. Both the
near-field electric distribution and the far-field radiation pat-
tern are measured to validate the function of subdiffraction fo-
cusing and diffraction-limited far-field radiation. The scanning
system proposed in Ref. [57] is applied to test the near-field
electric distribution. An incident plane wave passing through
the sample converges at the vertex of the lens, and a trenchant
focus is yielded. Figures 4(b) and 4(c) describe the map of elec-
tric intensity distribution at the focusing line and related near-
field electric intensity profile with plane wave illuminating the
lens from 7 to 13 GHz. Besides a tiny focal spot emerging at the
peak of the sample, a notable cylindrical wavefront is also gen-
erated inside the lens. The upper inset drawings in Fig. 4(c)
present the FWHM along the x axis at the focus point. The
FWHMs are all around 0.284 with near-zero sidelobes, which
is consistent with the narrow electric intensity focusing band.
The calculated focusing efficiency of the discrete lens derived
from experimental data is plotted in Fig. 4(e). The measured
focusing efficiencies at the focusing line are all above 89% and
vary between 89% and 99%. Given the test error, the FWHM
and focusing efficiency of measured results are very consistent
with the calculated results of the sGRIN with a continuous RI
distribution (dashed blue line).

The sample is tested in a full anechoic chamber to get the
diffraction-limited far-field radiation pattern. The sketch map
of the lens antenna fed by two sources is depicted in Fig. 4(f).
The experimental map of the normalized far-field radiation in-
tensity profile fed by two sources is depicted in Fig. 4(g). Two
main beams are clearly observed, and the related well depths are
demonstrated in Fig. 4(h). The well depths are all below -5 dB

and range from -5 to -19 dB from 4 to 16 GHz. The measured
results are in good agreement with the calculated one of the
sGRIN with a continuous RI distribution (dashed blue line),
indicating the accuracy and practicability of the fabrication
method and the discrete design methodology.

Figure 5 displays the comparison of half of the light cone
angle, operational bandwidth, and focusing efficiency among
SIL, negative refractive lens (NRI), SOL, hyperlens (HPL),
and our designed sGRIN, respectively. It is clear that our de-
signed lens demonstrates the best overall performance in the
field of subdiffraction lenses. Generally speaking, an achromatic
subdiffraction sGRIN is realized with the proposed design
method. It is shown that the designed discrete lens’ perfor-
mance in both near field and far field agrees well with the
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Fig. 5. Comparison of half of the light cone angle, operational
bandwidth, and focusing efficiency among SIL, NRL, SOL, HPL,
and our designed sGRIN.
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theoretical prediction, which means that the proposed sGRIN
has great potential to be used in subdiffraction imaging systems
in the future.

5. DISCUSSIONS AND OUTLOOK

In summary, a semicircular all-dielectric GRIN lens with a
slightly modified RI distribution of classical half-MFE lens is
designed to achieve achromatic subdiffraction focusing with
the FWHM around 0.284 from 4 to 20 GHz and diffraction-
limited far-field radiation from 4 to 16 GHz. Evanescent waves
triggered at the upper lens/air interface lead to achromatic
subdiffraction focusing. For two-point sources with a subwave-
length distance of 0.564 located at the focusing spot, the EM
waves with high spatial frequency experience strong interaction
in sGRIN by gradient periodic modulation and are effectively
converted into EM waves with low spatial frequency, showing
that diffraction-limited far-field radiation could be generated.
Measured results of the near field and far field demonstrate
the achromatic subdiffraction focusing and broadband diffrac-
tion-limited far-field radiation, as expected. In addition, be-
cause our proposed lens is composed of low-loss dielectric
materials, this all-dielectric lens could be extended to a 3D
version in the future and is of significant importance in sub-
diffraction imaging. The key challenge is to design and manu-
facture the 3D lens through just one material by 3D printed
technology. Only in this way can the manufactured lens be
practically feasible. But the material that could meet the de-
mand of 3D printing and satisfy the requirement of the RI pro-
file of our designed 3D lens simultaneously is very hard to find.
Based on the current nanotechnology, the proposed method
could be applied to near-infrared and visible wavebands.
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