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Abstract: A Fourier lens can perform the Fourier transform of an incident wavefront at the focal
plane. This paper reports a metasurface-based Fourier lens fed by compact plasmonic optical
antennas for wide-angle beam steering. The metasurface, composed of six elements with different
configurations covering the 2π phase range, features a large field-of-view (FOV) of ±50°. A
novel plasmonic optical antenna for broadside radiation is then designed as the feed source of the
metasurface. The proposed antenna has ultra-compact size of 0.77λ× 1.4λ, and achieves a high
directivity of 9.6 dB and radiation efficiency of over 80% at the wavelength of 1550 nm. Full-wave
simulations are carried out to evaluate the performances of the designed metasurface-assisted
beam steering device. The results show that this device can achieve a maximum directivity of
21.5 dB at broadside radiation. Compared to conventional Yagi-Uda antenna feed, a directivity
enhancement of about 2.7 dB can be obtained, exhibiting a great superiority of the proposed feed
antenna. In addition, a large beam steering range of ±50° can be achieved with an acceptable gain
drop of 2.83 dB. With the advantages of wide beam steering range, good radiation characteristics,
small footprint, and ease of integration, the proposed metasurface-assisted beam steering device
would be a promising candidate for integrated photonic applications, including wireless optical
communications, light detection and ranging, and augmented reality.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical beam scanners are an essential component in various applications, including light
detection and ranging (LiDAR) [1,2], free-space communications [3], imaging [4,5], and
holographic three-dimensional display [6]. Traditional devices achieve dynamic optical beam
scanning by mechanically rotating reflective mirrors, suffering from low operating speed and
are vulnerable to vibrations. In recent years, with the rapid development of photonic integrated
circuits (PICs), several beam steering technologies have been investigated, such as optical phased
arrays (OPAs) [7–9], micro-electro-mechanical systems (MEMS) [10], and liquid-crystal spatial
light modulators [11]. OPAs are widely considered an outstanding beam steering technology
for their potential in realizing chip-scale systems and all-solid-state inertia-free beam steering.
In these OPAs, beamforming and wavefront manipulation can be achieved by independently
controlling the amplitude and phase of each antenna element in the array. Generally, a far-field
beam with slight divergence is always pursued for a large detection distance. For this purpose,
numerous antenna elements are needed to construct a coherent radiation array, leading to the
increment of the number of phase shifters, resulting in high power consumption and complex
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control circuits. For example, an OPA composed of one thousand antenna elements can cost
power consumption as large as tens of watts [12].

Lens-based beam-steering devices have been demonstrated with low power consumption
[13–15]. By placing an off-lens above an emitter array, the far-field beam can be correspondingly
manipulated according to the shape of the lenses. Recently, a variety of lenses with different
configurations have been utilized to expand the scanning angles and improve the far-field beam
quality [16–18]. However, these devices require bulky lens components, and the mounting
fixtures are generally several millimeters or centimeters away from the emitter array, making
integration with chips complicated. To tackle this issue, metasurface-based lenses have emerged
as a promising alternative to traditional bulky ones due to their advantages in ultrathin profile and
planar configurations. For example, an all-dielectric metasurface doublet is proposed to improve
the wavelength-tuning efficiency, demonstrating a steering efficiency enhanced factor of 3.1. The
enhanced factor is defined as the overall beam steering range ratio with/without the metasurface
[19]. Besides, in [20], two-dimensional beam steering is achieved by integrating a metalens above
a switchable micro-ring emitter array, where the metalens collimates the radiated energy from
these micro-ring emitters, and the light radiated from the emitters in different positions can be
correspondingly converted to highly directional beams in different directions. Finally, a FOV of
12.4°×26.8° is obtained. Two major drawbacks in the metalens-assisted beam steering devices are
the off-axis aberration of metalens under a large incident angle and blind zones within the FOV
due to the discrete beam steering. To implement the aberration correction, doublet metalenses
have been proposed in [21,22], with the achromatic aberration in the incident angle range of
about 30° achieved. Meanwhile, a one-dimensional (1-D) Fourier metasurface made of dielectric
waveguide resonators is introduced to perform 1-D Fourier transform even within an incident
angle of 0 ∼ 60° [23], revealing the feasibility of wide-angle operations of the metasurface. On
the other hand, to suppress the blind zone, the emitters should be placed as densely as possible
[24], which requires the feed antenna to have a small footprint.

The far-field radiation properties of the metasurface-assisted beam steering device are deter-
mined by the metasurface’s designed parameters (e.g., the phase distributions, aperture sizes, and
focal distance) and also by the illumination from the feed structure. Therefore, the feed antenna
also plays a crucial role in designing such beam steering devices. For the emitters arranged
at the focal plane of the metasurface, the light radiated from the focal point can be converted
into a plane wave in a specific direction. The feed antenna should preferably be as small as
an ideal point source to obtain a highly directional beam. However, the most commonly used
radiators in the optical frequency range are grating antennas, as adopted in [13–17,19,20]. Their
typical sizes of several wavelengths in transverse and longitudinal directions are much larger
than the focal spot sizes, resulting in the performance deterioration of the device. It is well
known that dipole antennas are usually employed as feed antennas in the microwave frequency
range due to their subwavelength sizes and stable radiation patterns [25]. Similarly, various
optical nano-antennas, e.g., dipole antenna, Yagi-Uda antenna, and bowtie antenna, have been
investigated [26]. However, due to the planar terminal-opening structure of these antennas, it is
difficult to achieve high broadside radiation efficiency. Therefore, designing a compact antenna
with high performance and a small footprint is very meaningful and challenging.

This paper designed and numerically demonstrated a metasurface-based Fourier lens fed by
compact plasmonic optical antennas. The metasurface is made of silicon ellipse posts on a
silica substrate, which converts the near-field light radiated from different off-center positions to
far-field high-directivity beam in different directions. Besides, a novel plasmonic nano-antenna
is proposed as the feed source of the metasurface. The designed plasmonic antenna can achieve
high-efficiency broadside radiation with ultra-compact sizes of 0.77λ×1.4λ. Simulated results
show that the proposed metasurface-assisted beam steering device can achieve a ±50° beam
steering range with stable high-directivity radiation patterns by tuning the radiation antenna.
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Besides, a Yagi-Uda antenna is employed as the feed source of the metasurface for a comparison.
It demonstrates that higher device directivity can be obtained using the proposed antenna feed.
We believe the proposed antenna and the metasurface-assisted beam steering device with high
performances and a small footprint will provide a significant step in developing high-density
PICs.

2. Design and results

2.1. Design of the metasurface-based Fourier lens

As verified in [27,28], metasurface elements that provide a two or three-bit transmission phase
are sufficient to implement a metasurface antenna with fairly good performance. In this section,
six kinds of elements with different configurations are employed to construct a metasurface-based
Fourier lens, which can perform 2D Fourier transform within a large incident angle range. As
shown in Fig. 1(a), the unit cell consists of a high refractive index polysilicon elliptic nanopillar
(refractive index n= 3.67) [29] on top of a semi-infinite silica substrate (refractive index n= 1.444).
The period p of the unit cell and the height h of the nanopillar are optimized to 600 nm and
1100 nm, respectively, for high transmissivity and large phase-shifted range under reasonable
structural parameter variations (e.g., b and a, the sizes of ellipse nanopillar in x- and y-directions,
respectively). For a plane wave incidence, the nanopillar functions as a waveguide, where the
nanopillars with different sizes exhibit different propagation constants. Therefore, by adjusting
the ellipse parameters a and b, full 0 ∼ 2π phase control can be obtained. To determine the phase
and transmission dependences of a and b, parameter studies are carried out by Ansys HFSS,
a commercially available finite element method (FEM) simulation software package. In the
simulations, periodic boundary conditions along x- and y-directions and Floquet ports along
z-direction are applied, respectively. At the operating wavelength of 1550 nm, an x-polarized
plane wave is at normal incidence from the bottom of the substrate.

The transmission coefficients and corresponding phases as functions of parameters a and b are
shown in Figs. 1(b) and (c), respectively. Benefiting from the all-dielectric element design, full 0
∼ 2π phase control and high transmission over 90% can be enabled simultaneously. Next, six
elliptic nanopillars with an incremental propagating phase of π/3 (numbered from 1 to 6) are
elaborately selected as the fundamental metasurface elements to construct a Fourier lens. The
parameters characterizing the elements from 1 to 6 are b= 500, 475, 400, 300, 150, and 350
nm, and a= 175, 150, 150, 175, 150, and 375 nm, respectively. Besides, to achieve wide-angle
operations, all the metasurface elements must possess high transmissivity even at a large incident
angle. Hence, the phase and transmission coefficients of the designed six elements as functions of
incident angle are given in Fig. 1(d), where the plane wave is incident in the xoz plane. The results
exhibit that the phase variation for all the six elements is below 0.21π and the transmissivity is
higher than 85% even when the incident angle is tilted by 40°. These are key factors to achieve
metasurface with a wide FOV.

After the design of the metasurface element, the different phase-shifted elements can be
arranged at different positions to fit the desired phase profile. In our design, a quadratic phase
profile is employed to design a metasurface with a wide FOV, and the phase profile is as follows
[30]:

ϕ(x, y) =
πnsub(x2 + y2)

λF
(1)

where λ is the free-space wavelength, F is the focal length of the metasurface, nsub represents
the substrate’s refractive index (SiO2 in our case), and x and y are the coordinate positions
along the x- and y-axis. A parabolic phase profile may be more accurate to focusing with high
resolution but with a small FOV. By contrast, although the metasurface with a quadratic phase
profile may suffer from spherical aberration, which will reducec the resolution, the wide-angle
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Fig. 1. (a) 3D schematic view and top view of the unit cell of the designed metasurface, with
the polysilicon elliptic nanopillar on top of a semi-infinite silica substrate. Under the normal
incidence of the x-polarized plane wave at 1550 nm, (b) the transmission as a function of b
and a. (c) The phase as a function of b and a. (d) The corresponding transmission and phase
of the designed six elliptic nanopillars versus the incident angle. The sizes characterizing
the six elements with the phased-shift value from −150° to 150° are: b= 500, 475, 400, 300,
150, and 350 nm, and a= 175, 150, 150, 175, 150, and 375 nm. p= 600 nm and h =1100 nm.

operations can be enabled [31]. The schematic diagram of converting the incident plane waves
to the focused beams via the designed metasurface is illustrated in Fig. 2(a). For a plane wave
incident at an incident angle θ, a corresponding focal point is located at the focal plane, with
the horizontal offset of l=Fsinθ/nsub with respect to the focal position at normal incidence.
Conversely, suppose the feed antennas are arranged at different positions in the focal plane. In
that case, the metasurface can be illuminated by one of the antennas at a time, thereby obtaining
the far-field radiation beams with different scanning angles. It can be inferred that the number of
feed antennas determines the resolvable spots in the far-field.

Next, the metasurface is constructed by the designed six elements. The designed metasurface
is composed of 41-unit cells along both x and y directions with the aperture sizes of 24.6×24.6
µm2. The focal length F is designed to be 10 µm, leading to an F/D ratio of about 0.41. Once the
aperture sizes and focal length are determined, the phase distributions in the transmitted region
can be calculated according to Eq. (1). Since only six-phase states with the quantization phase of
60° can be offered, some approximations should be adopted to make these elements suitable for
the metasurface design. The strategy for assigning the phase-correction value for each element
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Fig. 2. (a) With an incident angle of θ, the focal spot will be shifted by a distance Fsinθ/nsub
along the focal plane. (b) The discrete phase distributions of the designed metasurface. At
1550 nm, the corresponding electric-field (E-field) distributions on the xoz plane with the
incident angle of (c) 0°, (d) 10°, (e) 20°, (f) 30°, (g) 40°, and (h) 50°. The aperture sizes of
the metasurface are 24.6× 24.6 µm2, and the focal distance is 10 µm.

of the 6-state metasurface is expressed as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

- 180◦ ≤ Φdesired< − 120◦ → Φactual = −150◦

- 120◦ ≤ Φdesired< − 60◦ → Φactual = −90◦

- 60◦ ≤ Φdesired<0◦ → Φactual = −30◦

0◦ ≤ Φdesired<60◦ → Φactual = 30◦

60◦ ≤ Φdesired<120◦ → Φactual = 90◦

120◦ ≤ Φdesired<180◦ → Φactual = 150◦

where Φdesired and Φactual represent the desired and actual phases, respectively. The final
phase distributions are obtained and illustrated in Fig. 2(b) by utilizing the approximations.
The metasurface is configured with the designed six elliptic nanopillars based on the phase
distributions. Full-wave simulations are carried out at the wavelength of 1550 nm to investigate
the focusing characteristics of the metasurface at different incident angles. In the simulations,
an x-polarized plane wave is launched from the upper-half space of the xoz plane with different
incident angles from 0° to 50°. Then it is focused at the focal plane in the SiO2 substrate after
passing through the designed metasurface. The corresponding electric-field (E-field) distributions
on the xoz plane are plotted in Figs. 2(c)-(h) with the same scales, respectively. It can be seen that
the positions with maximum E-field and the spot intensities remain nearly constant for different
incident angles of 0° to 40°, demonstrating the wide FOV of the designed metasurface. However,
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because of the limitation of the designed element, larger phase errors and more non-uniform
amplitude distributions across the metasurface aperture plane are introduced at the incident angle
of 50°, resulting in a sharp decline in the focusing field strength. Moreover, it should be noted
that the designed focal length F is 10 µm, but the power peak is located about 7 ∼ 9 µm away from
the metasurface. It means the phase focal point is not the same as the maximum E-field point. As
explained in [32], the spatial distance factor 1/r tends to pull the maximum location closer to the
metasurface, where r2 = x2+ y2+ z2. However, according to the simulated results, the horizontal
offsets l at different incident angles still corresponds to the relationship of l=Fsinθ/nsub, which
is in good agreement with the theoretical expectations.

2.2. Design of the feed antenna

Plasmonic slot waveguide can guide waves at a subwavelength scale, making it attractive for
high-density optical circuits. In this section, an ultra-compact all-plasmonic nanoantenna based
on the plasmonic slot waveguide is proposed for high-performance broadside radiation. The
geometry of the proposed structure is depicted in Fig. 3(a). The device is made up of single-layer
silver with a thickness t of 100 nm and is embedded in the SiO2 medium. The structure includes
three sections: transmission section, radiation section, and a reflector at the end. In the first
section, the plasmonic slot mode is excited in the plasmonic slot waveguide, where the width w
and s of the silver stripes and the slot are set to 200 nm and 340 nm to minimize the propagation
loss, respectively. The corresponding E-field distributions of the plasmonic slot waveguide mode
are illustrated in Fig. 3(b), and most of the optical fields are confined within the slot. The slot
width is periodically varied along the propagation direction (x-direction) in the second region to
radiate the guided waves into free space while always keeping w constant. The varied slot width
will result in a periodical modulation of the field intensity in the waveguide. According to [33],
spatial amplitude modulation corresponds to shifting the spatial spectrum of the modulating
wave up to the carrier spatial frequency. If the spatial frequency falls within the radiation region,
the guided wave in the waveguide structure can be radiated into free space. Therefore, the
amplitude modulation caused by the varied slot width makes the plasmonic slot waveguide a
leaky-wave antenna. It is clear that the operating principle of the proposed antenna is different
from traditional dipole antennas, where they rely on the resonance of the arms to radiate the
energy into free space. As shown in Fig. 3(a), the sine function is used to characterize the slot
width in the second section, which is defined as s’(x)= s-4*Asin(2πx/ps), where A and ps are the
modulation index and period, respectively. In our design, A and ps are set to 70 nm and 900 nm
for a large radiation rate and perfect broadside radiation. A reflector is placed at the end of the
antenna to reduce the size and enhance the gain of the antenna. The dimensions lr and wr of
the reflector are 1200 nm and 300 nm, respectively, and the gap g between the reflector and the
antenna is 200 nm. The reflector can reflect the electromagnetic waves constructively back to the
antenna so that the input energy can be radiated to the broadside direction as much as possible.

Numerical calculations are carried out to demonstrate the designed antenna’s performance. In
the simulations, the permittivity of silver is fitted using Drude model with εinf = 5,ωp = 13.4× 1015

rad/s and G= 1.12× 1014 1/s [34]. At the wavelength of 1550 nm, the E-field distributions of the
designed antenna on the xoy plane are depicted in Fig. 3(c). It can be seen that most of the optical
fields are confined within the slot, and the field strength inside the slot varies with the slot width.
Meanwhile, with the help of the reflector, most energy can be reflected at the end of the antenna
so that no apparent end-fire radiation can be observed. However, in the plasmonic slot waveguide
with a large slot size, the electromagnetic waves will become fast waves and then radiate into
free space. The corresponding E-field distributions on the xoz plane are illustrated in Fig. 3(d).
Clear wavefronts in both the upper half-space and the lower half-space can be seen, implying
near-perfect broadside radiation. In addition, unidirectional radiation can also be achieved by
placing an additional metal ground below the antenna [35].
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Fig. 3. (a) Schematic top view of the proposed plasmonic slot antenna. (b) E-field
distributions of the plasmonic slot waveguide at 1550 nm. E-field distributions (c) on the
xoy plane and (d) on the xoz plane at 1550 nm. w= 200, s= 340, A= 70, ps = 900, lr = 1200,
wr = 300 and g= 200, all in nm.

To evaluate the performances of the designed antenna, the antenna parameters, e.g., port
reflection coefficient S11, peak directivity, and radiation efficiency, as a function of wavelength
are plotted in Fig. 4(a). Antenna gain is defined as G= 4πηP(θ,φ)/Pe = η*D, and the realized
gain is defined as Gr =G*(1-S11

2), where η, D, P(θ,φ) and Pe represent radiation efficiency,
antenna directivity, the radiation power density at the specified angle in free space and total
radiated power, respectively. The antenna gain describes the ability of the antenna to convert
the input power into free-space radiation in the specified directions, and the radiation efficiency
represents system loss. Generally, all-plasmonic antennas will be very lossy due to the high
absorption loss of metals, consequently resulting in a low radiation efficiency [36]. Thanks to
the compact size of the proposed antenna, over 80% radiation efficiency can be achieved in our
design, as seen in Fig. 4(a). Meanwhile, within the wavelength range of 1500 ∼ 1613 nm, the
antenna directivity ranges from a minimum value of 8.36 dB to a maximum value of 10.2 dB.
The port reflection coefficient remains below −13.8 dB, indicating the high performance of the
proposed design. Due to the reduction in antenna sizes, the reflector plays a vital role in achieving
high directivity. Figure 4(b) shows the corresponding E-plane (yoz plane) and H-plane (xoz
plane) radiation patterns for the antenna with/without the reflector at 1550 nm, respectively. The
maximum realized gain achieved in the broadside direction without the reflector is about 6.88 dB.
In addition, a relatively high gain of 2.5 dB can be observed in the undesired end-fire direction.
With the reflector, the end-fire radiation is reduced, and the gain in the broadside radiation is
increased by 1.69 dB, accordingly. Finally, the 3D far-field patterns at the wavelengths of 1500
nm, 1550 nm, and1613 nm are depicted in Fig. 4(c). The ultra-compact sizes, stable radiation
patterns, as well as wideband operation characteristics make the proposed antenna suitable as
a feed source for various metasurfaces. These characteristics are also very promising for the
applications such as wireless optical communications [37], optical links [38], nano-photonic
coherent imager [39], and so on.
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Fig. 4. (a) Port reflection coefficient S11, peak directivity, and radiation efficiency as a
function of wavelength. (b) Corresponding E-plane (yoz plane) and H-plane (xoz plane)
radiation patterns at 1550 nm for the antenna with/without the reflector, respectively. (c) 3D
far-field patterns at the wavelengths of 1500 nm, 1550 nm, and 1613 nm, respectively.

2.3. Performances of the designed metasurface with the proposed antenna feed

After designing the metasurface and the feed antenna, the wide-angle scanning characteristics
of the metasurface-assisted beam steering device at the single wavelength of 1550 nm are also
verified by numerical simulations. The 3D schematic view of the proposed device is shown in
Fig. 5(a). An airbox encloses the structure in the simulations, and PML absorption boundaries
are applied to absorb incident light with minimal reflections. As demonstrated in Section 2.1,
the position with maximum E-field is located about 7 ∼ 9 µm away from the metasurface, so
in our design, the feed antennas are placed 8.5 µm below the metasurface. To achieve a beam
steering range of ±50°, the positions of the feed antenna for different scanning angles should be
deviated from the center position along the x-axis by l=Fsinθ/nsub. In this design, the values are
l= 0, ±1.2, ±2.37, ±3.46, ±4.45, and ±5.3 µm, respectively. From+ x-axis to -x-axis direction,
these feed antennas are numbered from #1 to #11, and each antenna element can be individually
excited so that 11 beams can be obtained. Furthermore, to show the superiority of the proposed
feed antenna, a Yagi-Uda antenna with the same parameters as presented in [26] is also used as a
feed source for comparison. The structures and corresponding radiation patterns of the proposed
antenna and the referenced Yagi-Uda antenna are illustrated in the inset of Fig. 5(a). Much lower
end-fire radiation can be seen in our proposed design.

The corresponding E- and H-plane radiation patterns of the metasurface fed by the proposed
antenna and Yagi-Uda antenna are presented in Fig. 5(b), respectively, where centrally-located
antenna (#6 element) is excited for broadside radiation. For the Yagi-Uda antenna feed, the
device achieves a maximum directivity of 18.8 dB, and nearly the same beamwidth in E-plane
and H-plane can be observed. As expected, a higher directivity of 21.5 dB is obtained by using
the proposed antenna feed, indicating a 2.7 dB enhancement in device directivity. In addition, it
is worth noting that for the proposed feed antenna, the beamwidth in H-plane is much narrow than
that in E-plane, as can be seen from Fig. 4(b). However, in the proposed metasurface-assisted
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Fig. 5. (a) 3D schematic view of the proposed metasurface-assisted beam steering device.
The inset shows the structure and corresponding far-field distributions of proposed structure
and the referenced Yagi-Uda antenna, respectively. (b) Corresponding E- and H-plane
radiation patterns of the metasurface fed by the proposed antenna and Yagi-Uda antenna,
respectively. (c) Simulated radiation patterns on the xoz plane when antenna #1 to #11 is
excited separately.

beam steering device, it can be seen that the far-field E-plane pattern becomes narrower than
H-plane by comparing the black and red solid curves in Fig. 5(b). According to the analysis in
[40], for a metasurface with a given aperture size D, power pattern of each feed has an optimal
focal length F to obtain maximal directivity. Generally, a narrower feed pattern requires a larger
F to achieve this goal. It implies that while keeping D constant, the beamwidth of the H-plane
pattern can be reduced by increasing F, thereby further enhancing the gain of the proposed device,
which will be discussed in the next section. Figure 5(c) shows the simulated radiation patterns on
the xoz plane when antenna #1 to #11 are excited separately. It can be seen that beam steering
within the angular range of ±50° can be achieved with the gain variations of less than 2.83 dB. In
addition, the first sidelobe level and the cross-polarization level for all the patterns are below −15
dB and −20 dB, respectively.

3. Discussion

The metasurface-assisted beam steering device has been demonstrated a wide-angle beam steering
ability beyond ±50° with an increment of discrete scanning angle of 10°. However, due to the
large crossover level between adjacent beams, scanning blind zones will also exist. The number
of feed antennas can be increased in the focal plane to obtain more discrete beams to solve
this problem. Benefiting from the compact size of the proposed feed antenna, the minimum
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spacing between neighbor feed antennas can be reduced to subwavelength scales, thus enabling
high-density integration with a small footprint.

On the other hand, due to the relatively high directivity of the designed feed antenna, it can be
inferred that higher directivity of the proposed device can be achieved by further increasing the
focus-to-diameter ratio F/D. In this section, simulations are performed to obtain the corresponding
directivity of this device at different F/D, where the aperture size D of the metasurface is kept
constant throughout, and only F is changed during the simulations. It should be noted that when
F changes, the phase distributions across the metasurface should be recalculated according to
Eq. (1), and the identical phase approximates are adopted. Finally, the normalized H-plane
radiation patterns as a function of F/D are plotted in Fig. 6(a), and the inset shows the partial
enlarger details. It can be seen when F/D varies between 0.5 ∼ 1, the beamwidth in H-plane is
gradually reduced with the increase of F/D, so that higher device directivity can be obtained. The
peak directivity of the device versus F/D is plotted in Fig. 6(b). It can be seen that a maximal
directivity of about 27.8 dB can be achieved at F/D= 1.

Fig. 6. (a) Normalized H-plane radiation patterns at the wavelength of 1550 nm as a
function of F/D. (b) Directivity of the metasurface-assisted beam steering device versus F/D.
(c) Schematic view on the xoz plane of the metasurface with different focal lengths ranging
from F to F2, corresponding to a half aperture angle of the triangle from β to β2.

The increasing directivity can be explained by Fig. 6(c). For a given aperture size D, the
half aperture angle β of the triangle will decrease accordingly with the increase of F. As β
decreases, smaller phase errors and more uniform amplitude distributions can be achieved across
the metasurface aperture, leading to a higher illumination efficiency. Meanwhile, the spillover
efficiency, which represents the energy that is not intercepted by the metasurface, will decrease
with the decrease of β. Therefore, to obtain a high aperture efficiency, there is a tradeoff between
the illumination efficiency and the spillover efficiency [41], which exhibits a limitation on the
directivity of a metasurface under a given aperture size. On the other hand, as seen in Fig. 6(c),
when focal length increases from F to F2, the deviated positions of the feed antenna for different
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scanning angles satisfy Fsinθ/nsub < F1sinθ/nsub < F2sinθ/nsub. To maintain a high spillover
efficiency for the edge feed antenna, the physical aperture of the metasurface should be enlarged.

Therefore, when designing the metasurface-assisted beam steering device, a relatively small
F/D is first considered so that the metasurface can intercept the energy radiated by the antennas
at different positions. Then, the aperture size D and the focal length F can be increased
simultaneously to enhance the device’s directivity.

4. Conclusion

A metasurface-assisted beam steering device is proposed in this paper. Firstly, a 2D metasurface-
based Fourier lens with a wide FOV is designed at the wavelength of 1550 nm, and numerical
simulations verify the focusing characteristics of the designed metasurface at different incident
angles. Then, a novel feed antenna with ultra-compact sizes of 0.77λ×1.4λ for broadside radiation
is designed, achieving a directivity and radiation efficiency of 9.6 dB and 80%, respectively.
Besides, good port reflection coefficients and stable radiation patterns within the wavelength
range of 1500 ∼ 1613 nm also ensure wideband operations of the designed antenna. Finally,
the full-wave results of the proposed metasurface-assisted beam steering device show that a
large beam steering range of ±50° can be achieved under a gain variation of below 2.83 dB.
Compared to conventional Yagi-Uda antenna feed, a directivity enhancement of about 2.7 dB can
be obtained, exhibiting a significant superiority of the proposed antenna. Besides, the device’s
directivity as a function of the focal distance F/D is investigated for a given metasurface aperture
size D. Due to the small divergence angle of the designed feed antenna, smaller phase errors and
more uniform illuminating amplitude across the metasurface can be achieved with the increase of
F/D, resulting in the directivity enhancement of the device. In addition, taking advantage of the
proposed feed antenna, high-performance 2-D beam steering, and wideband operations would be
achieved by elaborately designing the metasurface element. The proposed metasurface-assisted
beam steering device, featuring high directivity, wide beam steering range, and minimal footprint,
would be attractive for the applications of all-solid-state LiDAR, unmanned driving, 3D imaging
etc.
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