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SUMMARY

Although tremendous efforts have been devoted to investigating the analogy between the
surface plasmon polariton and its spoof counterparts, it remains elusive that a single thin spoof
plasmonic metalens realizes wide-angle focusing and wide field-of-view (FOV) imaging. Here, we
propose a spoof plasmonic metasurface that can impart arbitrary phase with high transmittance,
which comprises two-dimensional (2D) gradient spoof-insulator-spoof waveguides. With the
developed catenary field and dispersion theory, their intrinsic physics is theoretically analyzed.
As a proof of concept, a spoof plasmonic metalens with a thickness of 0.151 has been elaborately
designed and experimentally demonstrated for wide-angle (~170°) focusing and wide FOV (~40°)
imaging. To the best of our knowledge, it is the first experimental demonstration of wide FOV
imaging of a 2D object with single thin and planar metalens in the microwave regime. The proposed
method offers a promising solution to compact cameras, integrated imaging, and detection
systems.

INTRODUCTION

Since the turn of this century, numerous anomalous optical phenomena associated with subwavelength
metallic structures have been discovered, e.g., extraordinary optical transmission (Ebbesen et al., 1998),
optical beaming effects (Lezec et al., 2002), as well as extraordinary Young interferences (Luo and Ishihara,
2004a; Pu et al., 2018a), just to name a few. Subsequent investigations reveal that these abnormal phenom-
ena are closely related to the excitation of surface plasmon polaritons (SPPs), which are intrinsically a kind of
collective oscillation of photons and electrons at the interface of metal and dielectric and attenuate expo-
nentially in the direction perpendicular to the interface, as indicated in Figure 1A. Thanks to this unique
property, SPPs could surpass the traditional diffraction limit and were taken as the next chip-scale technol-
ogy (Zia et al., 2006).

On the other hand, a thin metallic film with negative permittivity could behave as a “poor-man’s perfect
lens” (Pendry, 2000) and enable the sub-diffraction imaging (Fang et al., 2005; Luo and Ishihara, 2004a),
since the coupled SPPs between its two interfaces would compensate the exponential decay of high spatial
frequency components. Furthermore, the effective wavelength of SPPs can be greatly reduced by
decreasing the metallic film thickness (Luo and Ishihara, 2004b). The appealing short-wavelength property
(Luo, 2015) leads to the plasmonic lithography turning over the 22-nm resolution node (Gao et al., 2015)
with a much lower cost than the extreme UV lithography.

In comparison with the metallic film, its complementary counterpart (i.e., metal-insulator-metal [MIM]
waveguide) shown in Figure 1B provides stronger confinement of SPPs and thus promises highly integrated
optical devices (Bozhevolnyi et al., 2006). According to the dispersion relationship of the MIM waveguide,
the phase retardation through a metallic slit would increase with the shrinking slit width, and a planar and
ultrathin metasurface can be developed by etching gradient metallic slits in a metallic film, as illustrated in
Figure 1C. So far, abnormal beam deflection (Xu et al., 2008), super-resolution focusing (Verslegers et al.,
2009), and vortex beam generation (Guo et al., 2016) have been demonstrated with both one-dimensional
(1D) and two-dimensional (2D) gradient metallic slits. Alternatively, gradient metasurfaces can be con-
structed by exploiting the plasmon resonances (Chen et al., 2018; Wang et al., 2017) and spin-orbit inter-
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Figure 1. Concepts of SPPs and Their Spoof Analogues

(A-E) SPP confined (A) along a semi-infinite metal-dielectric interface and (B) in metal-insulator-metal (MIM) waveguide.
(C) Gradient plasmon metasurfaces composed of variable-width metallic slits. Spoof SPP confined (D) along a structured
metal surface and (E) coupled structured metal surface.

(F) Schematic of spoof plasmon metasurface, a spoof analogue of plasmon metasurface.

Among various functional metasurfaces, wide field-of-view (FOV) metalens is particularly intriguing owing
to its potential applications in imaging devices from microscopes and telescopes to commercial cameras.
Unfortunately, the FOV of a thin and planar metalens is stringently limited because of the unavoidable off-
axis aberration. On the other hand, although wide FOV imaging systems inspired from animal’s visual sys-
tem have been developed (Kundtz and Smith, 2010; Lee and Szema, 2005; Ma and Cui, 2010; Zhao et al.,
2016), the rotational-symmetry profiles cause the disadvantages of cumbersome size, considerable weight,
and incompatibility with planar optical systems. Therefore, it poses a difficult dilemma for optical elements
to simultaneously satisfying wide FOV and planar profile. Recently, metalenses doublets (with a separation
gap of ~10002) have been leveraged for wide FOV imaging of 2D object beyond 50° (Arbabi et al., 2016;
Groever et al., 2017). Meanwhile, wide-angle focusing has been experimentally demonstrated at the visible
bandwidth with ordered nanoapertures (Pu et al., 2017), and 1D wide-angle Fourier metalens has been pro-
posed at the near-infrared band (Liu et al., 2018). Therefore, wide FOV imaging of a 2D object with single
thin (<A/5) metalens has remained elusive in the microwave regime, where the properties of metals
approach those of a perfect electric conductor rather than a plasmon with negative permittivity, and
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SPPs cannot be naturally supported at the low frequencies. Spoof (or designer) SPPs were proposed by
patterning periodic corrugations in original smooth metallic surfaces (Pendry et al., 2004), as indicated
in Figure 1D. Subsequently, a myriad of spoof plasmonic waveguides (Hibbins et al., 2005; Ma et al.,
2013; Shenetal., 2013; Williams et al., 2008; Wu et al., 2017; Zhen et al., 2018) and the spoof-insulator-spoof
(SIS) waveguide (Kats et al., 2011; Zhang et al., 2015) have been developed, as shown in Figures 1D and 1E.
Despite these impressive advances, nearly all of the aforementioned works focus on the in-plane spoof
plasmonic waveguide devices. Therefore, a fundamental question is still to be answered, i.e., could the
powerful electromagnetic manipulation competence in free space be well inherited during the spoof anal-
ogy of the plasmonic metasurface. Recently, only a few of works shed light on this question by developing
1D beam deflector and focusing metalens with spoof plasmonic metasurface (Pu et al., 2018b; Yin et al.,
2019), as illustrated in Figure 1F. Nevertheless, neither of them involves the significant topic of wide-angle
focusing and wide FOV imaging of a 2D object.

In this paper, a spoof plasmonic metalens that can perform wide-angle (~170°) focusing and wide FOV (~40°)
imaging is presented to demonstrate the powerful electromagnetic manipulation ability of spoof plasmonic
metasurface. The following contexts are organized as: First, the transmission properties and fundamental
mode distribution of 2D SIS waveguide are investigated and its underlying physical mechanism is interpreted
based on a catenary dispersion model (Pu et al., 2018b). Subsequently, the width-dependent phase modulation
is, respectively, investigated by the full-wave simulations and the proposed theoretical model. Finally, a spoof
plasmonic metalens with parabolic phase profile is elaborately designed, fabricated, and experimentally
demonstrated for wide-angle focusing and wide FOV imaging of a 2D object.

RESULTS AND DISCUSSIONS
Phase-Engineering Properties of 2D SIS Waveguides

To develop a spoof plasmonic transmissive metasurface, the key is designing a 2D SIS waveguide unit
cell that can impart arbitrary phase change with high transmittance. However, there is no appropriate
2D spoof plasmonic waveguide for phase engineering and electromagnetic manipulation in free space,
since the previous investigations mainly focus on the in-plane spoof plasmonic waveguide devices, which
are composed of tens of periodic metallic grooves and not in the subwavelength scale along the prop-
agation direction. Figure 2A illustrates the proposed spoof plasmonic metasurface, where each unit cell
(with a period of P = 3.3 mm, ~A/3) consists of several ultra-thin (with a thickness of t,, = 0.018 mm,
~20/500) metallic patterns separated by thin (with a thickness of d = 0.508 mm, ~20/20) dielectric sub-
strates (with a dielectric constant of e = 2.65 and loss tangent of 0.001). Here, the quadrate patches
(with a side length of ) at the center and quadrate ring (with a width of 0.1 mm) at the margin of the
unit cells form a 2D metallic slit (with a slit width of g). The alternative stacks of metal patterns and dielec-
tric substrates mimic an SIS waveguide for generating different phase retardation by changing the slit
width. The latter analysis shows that only four-layer metallic patterns and three-layer dielectric substrates
are sufficient to generate a phase change covering the whole range of 2w with high transmittance. There-
fore, the total length of the SIS waveguide is about 1.5 mm (~0.15}), which is helpful to construct ultra-
thin spoof plasmonic metasurfaces.

First, we would like to investigate the field distribution in the proposed 2D SIS waveguide at a frequency
of 30 GHz (A9 = 10 mm). Owing to the C4 symmetry of the proposed structure, identical responses will be
obtained under the normal incidence for transverse magnetic (TM) and electric (TE) polarizations. Sub-
sequently, the transmission properties of the 2D SIS waveguide under the illumination of TM polarization
are investigated via finite-element simulation with commercial CST software, where the unit cell and
open add space boundary conditions are applied along the x, y, and z directions, respectively. Figure 2B
shows the simulated vector power flow within the xoz plane when the slit width is g = 1.6 mm (i.e., | =
1.5 mm). It clearly indicates that electromagnetic waves can effectively transmit through the proposed
SIS waveguide. The power flow along the cutline in Figure 2B is depicted in Figure 2C, which demon-
strates that the incident wave is transformed into spoof plasmon wave at the entrance of the SIS wave-
guide and then transforms back into propagating wave at the exit of the SIS waveguide. The vector
electric field in the xoz plane shown in Figure 2D illustrates the electric field circulating around the SIS
waveguide. The magnetic dipole generated by the electric circular displacement current is parallel to
the magnetic field of the incident wave (along the y axis), leading to a non-unity effective permeability,
which will be taken into consideration in our theoretical model. The electric field distribution along
the four metallic pattern layers in Figure 2E reveals the abrupt change of the electric field within a
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Figure 2. Schematic of the 2D SIS Waveguide and the Power as well as Electric Field Distribution
(A) Schematic illustration of 2D SIS waveguides with defined geometric parameters.

(B) Power flow of the SIS waveguide along the xoz plane with [ = 1.5 mm.

(C) Normalized power along the dotted line shown in Figure 2B.

(D) Electric field distribution of the SIS waveguide along the xoz plane.

(E) Normalized electric field along the horizontal lines: (I) z =0, (I) z = d, (Ill) z = 2d, and (IV) z = 3d.
deep-subwavelength scale and tremendous field enhancement at the ends of the metallic slits (Huang
et al., 2019; Pu et al., 2018b), which is mainly attributed to the ultralow filling ratio (n = t/(tm + d) =
0.034) of thin metallic slit and cannot be accessed by previous SIS waveguide with a high filling ratio
of 0.9 (Kats et al., 2011).

Second, the phase engineering ability of the proposed 2D SIS waveguide around 30 GHz is investigated.
Because there are only three periods in our SIS waveguides, traditional Bloch dispersion relation (Rah-
man and Stuchly, 20071; Xu et al., 2005) is not applied. Alternatively, we take the thin metallic structure
as a surface impedance layer as a simple but reasonable approximation and resort to the transfer matrix
method to predict the electromagnetic response of the proposed structure (Cheng et al., 2019; Pfeiffer
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Figure 3. Equivalent Circuit Model and Transmission Properties of the Metasurface with Catenary Dispersion
(A) Schematic illustration of the metasurface.

(B) Equivalent circuit model of the metasurface.

(C) Transfer matrix model of cascading metasurfaces that support the propagation of spoof plasmon.

(D) Simulated and calculated phase of S,1 changes with the incident frequency with different I.

(E) Generated effective permeability changes with |.

(F) Simulated amplitude of Sy; changes with the gap width.

(G) Simulated phase of S;; changes with the gap width.

and Grbic, 2013). The equivalent circuit model of the metallic patch in Figure 3A is a parallel LC circuit, as
indicated in Figure 3B. Therefore, the effective admittance (Yineta) and impedance (Zeta) of each meta-
surface layer can be expressed as:

jwl .
Zeta = 1/Ym8ta='I+Ja)72LC’ (Equation 1)
where, w is the incidence angular frequency. The effective inductor L and capacitance Cin Equation (1) are
related to the geometric parameters and operation frequency. According to the quasi-stationary field
theory (Huang et al., 2019; MacFarlane, 1946), they can be respectively expressed as:
F(P,s, 2 .
L= ( 2> 4 )7 (Equation 2)

w
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and

2(ni+n3)d F(p,g.4)

P 3]
where n; is the effective index of the surrounding the metasurface layer. Specifically, n; = 1 for air layer and
should be changed to n; = | /e e for dielectric substrate, where e = eg = 2.65, and pc is the effective
permeability generated by the circulating electric field mentioned earlier. The mathematical expression of
Fis written as:

C=

(Equation 3)

F(P,w,A) = ;In[csc(%ﬂ (Equation 4)

We note that the dispersions of both effective inductor L and capacitance C follow the “catenary of equal
phase,” which has been utilized to generate continuous and linear geometric phases (Pu et al., 2015). Based
on the physical model established in Figure 3C, we can obtain the whole transfer matrix as follows (see
Transparent Methods for detail):

YO + Ymeta + Yd YO + Ymeta — Yd

. 2Y, 2Yy [exp(in;kod) 0 ]
Yo = Ymeta = Yo Yo = Yeta+ Ve 0 exp( — inikod)
2Ys 2Yo
1+ Ymera Ymeta Yd + Ymeta + YO Yd + Ymeta - YO
2Yy 2y {exp(in;kod) 0 } 2Yy 2Yy
7Ymeta ~ Ymeta 0 exp( - iﬂ;kod) Yd — Ymeta - YO Yd - Ymeta + YO 7
2Yy4 2Yq 2Yy4 2Yy4

(Equation 5)

where, Zo=1/Yo=377Q, Y4 = \/€arritarf Yo. TO Obtain the transmission and reflection coefficients, i.e., So1 and
S11, we assume the input is [a; b] and the normalized output is [1; 0]. Then, we have:

[Z} = T[H (Equation 6)

and the transmission and reflection coefficients can be expressed as:

521 = 1/3

511 = b/a
To check the above-mentioned theoretical analysis, the phase of S,1 changes with the incident frequency
and metallic patch width is calculated as shown in Figure 3D, well consistent with the full-wave simulation
results. Therefore, the catenary field and dispersion theory provides a satisfactory qualitative description
of the intrinsic physics of the spoof plasmonic metasurface, offering an alternative design method to
time-costing brute-force simulations. The generated effective permeability varies with the metallic patch
width |, as indicated in Figure 3E.

(Equation 7)

Similar to the plasmonic metasurfaces operating in the visible band (Xu et al., 2008), adjusting the width of
the metallic slits is an effective way to realize local phase modulation. Figures 3F and 3G, respectively, pre-
sent the simulated amplitude and phase of S;1 at 30 GHz change with the slit width, indicating that nearly
27 phase shift can be realized within a thin thickness (0.15)) by changing the slit widths from 0.25 to
1.25 mm, with the amplitudes being kept above 0.8. Note that, for a transmissive spoof metasurface within
the subwavelength scale (<A/5), itis quite difficult to obtain a phase change covering the whole range of 27
with high transmittance through single or two coupled metallic layers. To illustrate this, the amplitude and
phase modulation of single and two coupled metallic layers are also investigated at 30 GHz. The phase shift
of single-layer and two double-coupled layers with a separation of d and 3d are, respectively, only 50°, 90°,
and 170° when the transmission coefficient is higher than 0.8 (see Figure S1 for detail), and thus cascading
metallic patterns are generally needed in previous reports (Cheng et al., 2019; Pfeiffer and Grbic, 2013) to
ensure a complete control of the wavefront. Otherwise, the performance of the metalens will be greatly
deteriorated or even invalided in this circumstance. Because the evanescent coupling between the two
ends of the metallic slits is robust to the change of incident angle (Guo et al., 2018), the relative phase shift
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generated by the spoof plasmonic metasurface is nearly non-variable for various incident angles (see Fig-
ure S2 for detail), which is helpful in the construction of a wide-angle metalens.

Spoof Plasmonic Metalens-Based Wide-Angle Focusing and Imaging

Here, based on the proposed spoof plasmonic metasurface, we implement the experimental demonstra-
tion of isolate spoof plasmonic metalens for wide-angle focusing (170°) and further confirm its capability of
wide FOV imaging (40°) of a 2D arbitrary object. The fundamental mechanism of wide-angle focusing and
imaging lies in that the proposed spoof plasmonic metalens can perform the symmetry transformation
from rotational symmetry to transversal symmetry (Pu et al., 2017). For this purpose, the following quadratic
phase profile should be fulfilled (Guo et al., 2018):

2 2

remr
2 Af°

The symmetry transformation can be mathematically expressed as:

®(r) = ko (Equation 8)

®(r) + kox sin 0:% (x+A) +y?) —C=d(r) - C, (Equation 9)

where ris the radial distance of the phase shift unit cell to the metalens center, 8 is the oblique angle of
incidence, fis the focal length of the metalens, A =f sin(4), and C=fky sin? 8/2. Since C is a constant that
is independent of rand can be neglected, the rotational effect 8 of the oblique incidence light is perfectly
converted to the translational symmetry A of the focusing spot within the focal plane.

To verify our design, a metalens with a radius R = 200 mm (including 25,921 SIS waveguide unit cells)
and a designed focal length f = 100 mm (the corresponding numerical aperture defined by NA =
sintan™"(R/f) is about 0.89) was fabricated on three F4B substrates with print circuit board (PCB) tech-
nique and then pressed together (see Figures S3A-S3C for detail). The focusing properties of the sample
at a broadband range from 26.5 to 32 GHz are characterized by near-field measurements in an anechoic
chamber with a step of 0.5 GHz. The measuring setup and method are described in the Transparent
Methods section (see Figures S3D and S3E and Transparent Methods for detail). Figure 4 shows the
measured intensity distributions along the xoz plane for different incident frequencies. We can see
that intensive focusing spots are formed in a broadband and the focal length gradually increases with
the incident frequency, with the FWHM (full-width at half magnitude) of the spots approaching the theo-
retical diffraction limit (~0.61A/NA), which demonstrates that the designed spoof plasmonic metalens
can operate well in a broadband range from 26.5 to 32 GHz. The relative broadband operation band
of the proposed spoof plasmonic metalens is mainly attributed to the low quality-factor of the SIS wave-
guide, which leads to a slow dispersion of the amplitude and phase modulation around the operation
frequency (see Figure S4 for detail).

Subsequently, the wide-angle focusing properties are experimentally verified at 30 GHz. The measured
intensity and phase distributions shown in Figures S5A-5E display the focusing properties for different
incidence angles of § = 0°, 30°, and 75°. Although the measured focal length (~90 mm) at 30 GHz is
slightly smaller than the design value of 100 mm, it is nearly non-variable for different incident angles.
The intensity and phase distributions along the focal plane (indicated by the white dotted lines)
are shown in the corresponding insets. The measured normalized intensity profiles along the center of
the focal plane under different incident angles are presented in Figure 5G, which show that the focusing
pattern maintains well for large-angle off-axis illumination up to 85°. These results demonstrate that the
proposed spoof plasmonic metalens can realize a wide-angle focusing within 170°, considering the
structural and wavefront symmetry of the proposed metalens. Note that the translational shifts under
0°, 30°, 75°, and 85° are, respectively, 0, 45, 89, and 91 mm, agreeing well with the theoretical expecta-
tions, i.e., A = fsin(0), that is, 50, 96.6, and 99.6 mm, correspondingly. The small discrepancy between
them may be attributed to the non-ideal plane wave emitted from the horn antenna and measurement
errors. The measured focusing efficiency (defined by the intensity ratio between the focal spot and
incidence) at 30 GHz is about 46%. Several factors that influence the focusing efficiency include the direct
reflection due to the mismatched impedance, substrate absorptive loss, fabrication errors (e.g., the
substrate thickness discrepancies and the SIS waveguides misalignment generated during the PCB
board pressing), and the unsmooth transmitted wavefront caused by limited quantitative phase levels,
which is especially obvious at the margin of the metalens as the phase change is abrupt. Therefore,
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Figure 4. Broadband Focusing Properties of the Spoof Metalens
(A-L) Measured intensity distribution in the xoz plane for normal incidences with different frequencies.

to further improve the efficiency of the metalens, some antireflection structure may be considered in
the future design and smaller unit cell with higher phase engineering accuracy is preferred, which
may require cascading more layers. The distortion of the substrate can be alleviated by using harder
substrate with lower loss (e.g., RF-35). To further demonstrate the unique wide-angle property of
the proposed wide-angle metalens, a control experiment is also done, where the metalens is
designed with the same building blocks, diameter, and focal length but a spherical phase profile
(i.e.®(r)=ko(f — Vr2+12)). It is shown that the focusing properties are seriously deteriorated when the
incident angle increases. No obvious focusing spot is observed even for a 30° incidence (see Figure S5
for detail).

We further carry an imaging experiment of a 2D object at 30 GHz using the same metalens. As illustrated in
Figure 6A, an object consisting of an "I"-shaped aperture etched in tin foil is attached on a foam plate. The
outer dimensional size of the word is 35 X 60 mm? and the characteristic width of the aperture is 6 mm (ap-
proaching the resolution limit of the designed metalens, i.e., 0.612/NA). Ideally, the object should be
placed at a distance d, from the metalens to ensure the imaging process satisfies the paraxial approxima-
tion. The FOV with a measure of 26 is determined by observing the imaging quality of the object with a rela-
tive horizontal shift of s from the metalens center (8 = tan~"(s/d,)), as illustrated in Figure S6A. However,
restricted by the limited measuring space, the object distance is fixed at 180 mm in practical measurement
(Figure S6B). The waveguide probe is placed at a distance of 180 mm from the metalens and steered at a
step of 4 mm with an area of 200 x 200 mm?. The measured results corresponding to different illumination
angles of 0°, 10°, and 20° are plotted in Figures 6B-6D. Although the imaging quality deteriorates with
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Figure 5. Wide-Angle Focusing Properties of the Spoof Metalens

(A and B) Measured (A) intensity and (B) phase distribution in the xoz plane for normal incidence at 30 GHz. Insets show the corresponding intensity and
phase distribution in the focal plane.

(C) and (D) are similar to (A) and (B) except that the incidence angle is changed to 30°.

(E) and (F) are similar to (A) and (B) except that the incidence angle is changed to 75°.

(G) Measured normalized intensity profiles along the cutline through the center of the focal plane under different incidences.

increasing incident angle, the proposed metalens can image the 2D object well within 40°, considering the
symmetry of the metalens.

Generally, the focal length is fixed once the metalens has been fabricated, which is not feasible for appli-
cation in commercial cameras and advanced optical systems, where focal adjustment and zooming are uni-
versal features. Varifocal systems were first developed by changing the axial distance between multiple
conventional bulky refractive elements with a sophisticated optical design strategy and then implemented
based on the shape change of deformable solid (Shian et al., 2013) and liquid-filled lenses (Chronis et al.,
2003; Sugiura and Morita, 1993) systems with a slow tuning speed. Although liquid crystal-based electrically
varifocal lenses exhibit a more compact footprint and higher tuning speeds (Ren and Wu, 2006; Ren et al.,
2007), the large pixel size of diffractive optical elements may limit the imaging performance. Recently,
continuous varifocal metalens has been demonstrated by reconfigurable metasurfaces integrating with
stretchable substrate (Ee and Agarwal, 2016), lateral actuation (She et al., 2018), and microelectromechan-
ical systems (Arbabi et al., 2018). For the proposed design here, a possible approach to realizing the var-
ifocal design is inserting varactor and PIN (positive-insulator-negative) diodes in the gaps between the
inner and outer metallic patterns. By changing the external bias voltage, the states of the varactor and
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Figure 6. Wide FOV Imaging Properties of the Spoof Metalens

(A) Photography of the measurement setup, where both the objective and detection distances d, are 180 mm. The outer
dimensional size of the object, an “I"-shaped aperture etched in silver paper, is 35 x 60 mm? and the width of the aperture
is 6 mm.

(B-D) Measured imaging results at 30 GHz with different relative horizontal shift s from the metalens center s = d,tan(6).

PIN diodes can be electrically harnessed, imparting different inductor and capacitor to the effective imped-
ance of metasurface. Consequently, both the amplitude and phase of the transmitted wave can be
adjusted according to the catenary dispersion theory, which will be studied in our future investigation.

Conclusion

In summary, a 2D spoof plasmonic metasurface composed of variable-width SIS waveguides, as corre-
sponding analogue of the plasmonic metallic slits metasurface, has been proposed to construct thin
and planar microwave lens antenna. The developed catenary field and dispersion theory provides a satis-
factory qualitative description of the intrinsic physics of the spoof plasmonic metasurface, offering an
alternative optimization method to time-costing brute-force simulations. As a representational prototype,
a single thin spoof plasmonic metalens with the competence of symmetry transformation from rotational
symmetry to transversal symmetry has been fabricated and experimentally demonstrated for wide-angle
microwave focusing (170°) and imaging (40°). These results reveal a roadmap toward future compact,
portable, and wide FOV camera.

Limitations of the Study

A moderate FOV of 40° is demonstrated here for 2D object imaging. In addition, the focal length is fixed
once the metalens has been fabricated and then the maximum FOV is also determined. Therefore, a metal-
ens with a large NA is generally needed for wide FOV imaging, for example, the NA is about 0.89 in our
design. Further study will be needed to address these issues.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Simulated (A) amplitude and (B) phase of S;; at 30 GHz changing with the

slit width for different configurations shown in the top. The black cure represents the

design adopted in the proposed spoof metasurfaces. The achieved phase shift with

transmission coefficient higher than 0.8 is respectively 50< 90< 170< and 340<

Related to Figure 3F and 3G.
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Figure S2. Simulated phase of S;; at 30 GHz changing with the slit width under
different inclined angles. Related to Figure 3G.
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Figure S3. (A) A cross-view of the fabricated spoof plasmonic metalens. (B) A
schematic of the proposed wide FOV spoof plasmon metalens. (C) Photography of a
part of the fabricated metalens sample. (D) and (E) Photography of the measurement
setup. Related to Figure 4A-L.
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Figure S4. Simulated (A) amplitudes and (B) phases of S,; at diffiernt frequencies
change with the gap width. Related to Figure 4A-L.



C 12

10

80

z (mm)

60
40

29100 -80 60 -40 -20 0 20 40 60 80 100

D 12

100

z (mm)

z (mm)

0 20 40 60 80 100 120 140 160 180 200
X (mm)
Figure S5. (A) (B) Photography the fabricated metalens sample with a spherical phase
profile. (C)-(E) Measured intensity distribution along the xoz plane under different
incidence angles of 0 30< and 60< Related to Figure 5A, 5C, and 5E.
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Figure S6. (A) Ideal and (B) practical characterization method of the FOV (260) of a
metalens. Related to Figure 6A.



Transparent Methods

1. Transfer matrix at the interface of metasurface

According to the continous boundary conditions, the following equations can be
established around the thin metallic patterns:

a+b=c+d )
Y,(a-b)=Y,(c—d)+Y,..(c+d)
The equations above can be transformed into the matrix form:
a c
= M .
NEZH
2
_ 1 Y0 +Ymeta +Yd Y0 +Ymeta _Yd c
2YO YO _Ymeta _Yd Y0 _Ymeta +Yd d
and in the dielectric substrate there is,
c e
= N .
a7
3)

| exp(ink,d) 0 e
_[ 0 exp(-ink,d) [f}

Therefore, the whole transfer matrix of the proposed spoof plasmonic metasurface can
be expressed as,

T=(M-N)'-M
YO +Ymeta +Yd YO +Ymeta _Yd
_ 2Y, 2Y, {exp(ini k,d) 0 } (@)
Yo —Yoea = Ya Yo=Y T Ve 0 exp(-ink,d)
2Y, 2Y,
Ymeta Ymeta ’ Yd +Ymeta +Yo Yd +Ymeta _Yo
2, 2v,  |[exp(ink,d) 0 2, 2,
Ymeta Ymeta |: 0 exp(_ini kod):| Yd _Ymeta _Yo Yd _Ymeta +Y0 ’
o, o, 2, 2,

2. Near-field scanning measurements

The setup of near-field scanning measurements in an anechoic chamber is shown in
Figure S3(d) and (e). A linearly polarized horn antenna with the operation frequency
from 26.5 to 40 GHz is connected to one port of a vector network analyzer (VNA) as
the electromagnetic emitter, which is located about 1 m away from the metalens
sample to ensure approximate plane wave incidence. A rectangular waveguide port
with the same operation frequency with the horn antenna is connected to the other
port of the VNA as the probe, which is fixed on the automatic test platform to achieve
point-to-point scanning of the transmitted field. The fabricated metalens sample is
fixed at a square frame and the antenna is fastened on a camera tripod. The center of
the horn antenna, metalens, and the scanning area of the waveguide probe are aligned
before measurement to decrease the influence of imperfect plane wave emitted from



the horn antenna. The alignment can be easily done by adjusting the height and
position of the camera tripod and automatic test platform and checked the symmetry
of the measured wavefront. The maximum scanning volume of the automatic test
platform was 2800 mm > 2100 mm = 400 mm, satisfying the requirement of our
measurement. A software in the control computer connected to the VNA and
automatic test platform via a network interface provides the remote control. In the
user interface of the software, we can assign the scanning manner according to the
practical measurement requirement, including the starting position and orientation of
waveguide probe, sampling interval, sampling points number, scanning velocity,
horizontal scanning, vertical scanning and two dimensional scanning. During the
scanning process, the waveguide probe will scan across these pre-assigned positions
and the vectorial transmitted field including the amplitude and phase at each scanning
point can be measured by the VNA. Finally, the measured results can be recorded and
displayed by the software in the control computer or exported for post-processing.
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