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A novel double-layer Huygens' unit with dual-polarized response and complete
phase coverage has been proposed for highly efficient meta-lens antenna
application. The designed unit is a symmetric structure in which the double-
layer metallic patterns not only act as the electric dipoles but also induce the
magnetic dipoles. The balance between the initial electric dipole and the induced
magnetic dipole makes the impedance of the metasurface match with that of free
space, thus allowing efficient transmission of electromagnetic waves. Moreover,
full transmission phase shift and near-unit transmission amplitude can be achieved
simultaneously by change the structural parameters of the unit. Utilizing such
electromagnetic properties, a dual-polarized meta-lens consisting of 35 X 35 units
with size of 161 x 161 mm? is designed, fabricated and measured. The results
exhibit its good radiation performance. The maximum gain at a frequency of
28 GHz reaches 30.8 dBi, with an aperture efficiency of 42.3%. The 3-dB gain
bandwidth reaches 12.5%, covering the frequency range of 26.7-30.2 GHz. The
simple structure of the designed dual-polarized metasurface, high gain and high
antenna efficiency make it an important antenna engineering role.
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1 Introduction

Electromagnetic (EM) waves is an important carrier of information, and the realization
of free manipulation of EM waves is not only of great scientific significance, but also can be
used in future Information and communication technology. In the past decade, new concepts
of metamaterials and metasurfaces have been proposed to address the limitations of natural
materials to manipulate EM waves. Among them, metasurfaces [1] are two-dimensional
artificial microstructures that use a collection of discrete planar units to achieve exotic
manipulation of EM waves by tuning their phase, amplitude, and/or polarization responses.
A large number of review literature present the research progress of metasurfaces from novel
physical phenomena to engineering applications [2-8].

Two types of metasurfaces, ie., reflective and transmissive ones, are used for the
manipulation of far-field radiation. Because there is no feed blocking, the transmissive
metasurface is more suitable for high-gain antennas than the reflective one. Typical
transmissive metasurfaces include Pancharatnam-Berry metasurfaces [9, 10] and Huygens’
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FIGURE 1

(A) Perspective view of the Huygens' unit. (B) The top view. (C) The bottom view.

metasurfaces [11], which are used for the manipulations of circularly
polarized wave and linearly polarized wave, respectively. Noteworthy
is the Huygens’ metasurface, whose unprecedented manipulation
capabilities over transmitted EM waves is achieved through the
management of electric and magnetic resonances on the surface.
Consequently, it manifests a plethora of captivating physical
phenomena and holds immense potential for antenna applications
[12-23]. In the microwave or millimeter-wave bands, one usually
utilizes a wire-loop coupling structure to stimulate Huygens’
resonance [24]. However, in the wire-loop structure, the vertically
placed splitted ring used to mimic a magnetic dipole introduces extra
structural complexity and fabrication challenges. Achieving EM
manipulation on the simplest possible structure is still a challenge.

Recent studies have demonstrated the feasibility of achieving full
transmission phase coverage in a double-layer Huygens’
metasurface, in which the pair of anti-symmetric metallic
patterns not only act as the electric dipoles but also induce the
magnetic dipoles [25]. The proposed design significantly simplifies
the complexity of the transmissive metasurface, providing a
method for manipulating linearly polarized
transmitted EM waves. It is worth noting that the Huygens’

convenient

metasurfaces only have single-polarized response. Huygens
metasurfaces with dual-polarized response were subsequently
reported, but their phase shift range was only 318" [26]. This
work presents a novel design of dual-polarized Huygens’
metasurface exhibiting transmission phase coverage of 360°.
Owing to its capability of full transmission phase coverage, this
dual-polarized Huygens metasurface provides an efficient solution
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for realizing high-efficient planar lens antennas. The measurements
exhibit good performance of the Huygens’ meta-lens antenna
including a maximum gain of 30.8 dBi at 28 GHz (corresponding
to an aperture efficiency of 42.3%) and a 3-dB gain bandwidth of
26.7-30.2 GHz (12.5%).

2 Design of Huygens' unit cell and its
EM response

The schematic structure of the Huygens” unit is illustrated in
Figure 1. It is a symmetric structure consisting of bent metallic wires,
where the top and the bottom patterns are printed on the corners
and the sides of unit, respectively. The dielectric substrate is chosen
with a relative permittivity of &, = 2.55 and a loss tangent of tand =
0.0015. The size of unit is p = 4.6 mm and its height is # = 1.27 mm.
The structural parameters of the bent metallic wire pattern include
the fixed width of w = 0.2 mm, the gap width of d = 0.2 mm and the
variable parameters of a, I, g, and s. Due to the intrinsic symmetry,
the design of the unit allows for a dual-polarized response, so we
only need to investigate the EM behavior in terms of y-polarization.
Furthermore, in order to optimize the EM response of the unit, the
parameter sis set as s = [ - 0.8 mm. By adjusting these parameters, the
EM response of the unit can be tuned. The simulations are
performed using the full-wave simulation software CST
Microwave Studio.

We begin our analysis by selecting the specific set of

structural parameters with ¢ = 44 mm, / = 3.2 mm, and g =
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(A) The transmission amplitude and phase of the unit cell. (B) The surface currents on both sides at 24.25 GHz. (C) The magnetic field distributions of
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The transmission amplitudes and phases (A) when a varies from 2.8 to 4.4 mm withg = 1.1+ (a-4.4) x 0.2 mmand (= 3.2 + (a-4.4) x 0.8 mm, and (B)
when g varies from 1.1 to 0.15 mm witha = 44 mm and [ = 3.2 + 0.4 x (1.1-g) mm.

1.1 mm. The simulated results in Figure 2A exhibit a wideband
transmission spectrum with transmission amplitudes greater
than -3 dB for all frequencies above 23.5GHz. In the
wideband transmission spectrum there is a transmission peak
at 24.25 GHz with the transmission phase of about 180°. Such
transmission phase shows that it is a resonant transmission
behavior which arises from the resonant coupling between
electric and magnetic dipoles. It is noteworthy that in this
unit structure, the presence of individual magnetic dipole
components is absent since the metallic pattern should be
regarded as an electric dipole, i.e., frequency selective surface
(FSS) structure. However, the special design of the pattern makes
the metallic wires of the top and bottom layers dislocated with
each other. As a result, the conduction currents flowing on the
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metallic wires of both layers are in the opposite direction, as
illustrated in Figure 2B. These conduction currents flowing in the
opposite direction and the displacement currents in the substrate
form a current loop. The current loop effectively constrains the
induced magnetic field to the surface, which can be thought of as
a magnetic dipole. Then the balance between this magnetic
resonance and the electric resonance in the double-layer
structure excites the Huygens’ resonance. Figure 2C presents
the magnetic field distributions within the unit cell at the
transmission peak of 24.25 GHz. It can be seen clearly that the
magnetic field is effectively induced between the dislocated
metallic wires. It should be mentioned that in this structure, it
is crucial for the resonant frequencies of the top and bottom
patterns to be close to the same. Otherwise, the induced magnetic
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TABLE 1 The transmission amplitudes and transmission phases at some representative parameters.

Transmission phase (°)

Transmission amplitude (dB)

176 -0.77 39 1 2.8
136 -1.00 3.95 1.01 2.84
98 -1.66 4 1.02 2.88
63 -1.86 4.05 1.03 2.92
34 -1.31 4.1 1.04 2.96
14 —-0.78 4.15 1.05 3
-15 -0.25 4.25 1.07 3.08
—40 -0.29 4.4 1.1 32
—68 -0.95 44 0.35 3.5
-96 -1.39 34 0.9 2.4
-127 —-1.51 3.75 0.97 2.68
-156 —-1.12 3.85 0.99 2.76
-170 -0.95 3.88 1 2.78

FIGURE 4

(A) The transmission amplitude and (B) the transmission phase distribution of the meta-lens.

resonance can at most be balanced with one of these two electric
resonances, but not with the other.

As mentioned above, the EM response of this unit is able to be
tuned by varying the parameters a, g and s. Here we take a two-step
strategy. In the first step, we set g = 1.1+(a-4.4)x0.2 mm and [ =
3.2+(a-4.4)x0.8 mm, and then vary a from 2.8 to 4.4 mm to tune the
frequency response of the unit. The size of the pattern is maximized
when a increases to 4.4 mm. In the second step, we set a = 4.4 mm
and /=3.2 + 0.4x(1.1-g) mm, and then vary g from 1.1 to 0.15 mm to
further change the frequency response of the unit. The simulated
results are illustrated in Figure 3. For the first step, the transmission
amplitudes are greater than —1.86 dB and the transmission phases
reach 318°. For the second step, the transmission amplitudes are
greater than —1.2 dB and the transmission phases cover 33°. When
combining the two steps, the available transmission phase reaches
351°, which can be considered as full phase coverage. The
transmission amplitudes and transmission phases at several
representative parameters are listed in Table 1.
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3 Meta-lens antenna design, simulation
and measurement

The typical application of the symmetric Huygens’
metasurface is a dual-polarized meta-lens antenna. In this
antenna system, a feed source is meticulously positioned above
the focal point of the planar lens. The focal length, denoted as F,
represents the distance from the focal point to the metasurface. In
order to realize the conversion of a spherical wave to a plane
wave, it is imperative to satisfy to the specified expression when
configuring the discrete phase distribution on the meta-lens as
follows [25].

(p(m,n)=2an0(\l(mp)2+(np)z+F2 —F), (1)

Where c is the speed of light in free space, f, = 28 GHz is the working
frequency, and ¢(m, n) is the phase difference of the unit (m, n) with
respect to the center unit. The designed dual-polarized meta-lens is
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FIGURE 5
The experimental setup of the dual-polarized Huygens' meta-
lens.

an array composed of 35 x 35 units with a size of 161 x 161 mm®.
The feed source is chosen as a 15 dBi standard gain horn antenna
with F = 152 mm. The discrete transmission amplitudes and phases

FIGURE 6
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on the metasurface are shown in Figure 4. According to the
transmission amplitude and phase distribution, the meta-lens is
fabricated and subsequently evaluated using the experimental setup
depicted in Figure 5. A microwave anechoic chamber is used for all
far-field measurements.

The 3-D and 2-D radiation patterns of the meta-lens antenna
are simulated and measured. On the one hand, to provide an
intuitive visualization of the wavefront transformation based on
the meta-lens designed above, a simulation of the electric field at
28 GHz is performed in Figure 6A. It can be seen that the
spherical wavefront radiated from the horn feed is effectively
converted to a plane wavefront after passing through the meta-
lens. Overall, the meta-lens exhibits the ability to achieve a high
directional beam. As illustrated in Figure 6B, the 3-D radiation
the
transmission region of meta-lens. On the other hand, the

pattern exhibits a narrow pencil-shaped beam in
simulated and measured results of 2-D radiation patterns are
shown in Figures 6C, D. It can be seen that the half-power beam-
width of the radiated beam is about 4.1°. The simulated and
measured side lobe levels are —23 and —20 dB, respectively. For
such low sidelobe levels, this error between the simulation and
the measurement is acceptable, and it mainly originates from the
assembly accuracy of the antenna system, such as the position
and/or illumination angle of the horn feed. Moreover, the
H-plane pattern is very similar to the E-plane pattern. Besides,
the cross-polarization levels are —31 dB compared with the co-
polarization. The cross-polarization of the meta-lens antenna

Angle(deg.)

(A) The wavefront conversion characterized by tangential electric field. (B) The 3-D far-field radiation pattern. (C) The 2-D far-field radiation patterns

for y-polarization and (D) for x-polarization.
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TABLE 2 Comparison of the proposed meta-lens with referenced designs.

10.3389/fphy.2023.1271969

References  Frequency (GHz) Number layers, style, and polarization = Gain (dBi)  Aperture efficiency (%) Phase coverage ()
[27] 113 3-FSS, dual 289 30 360
[28] 135 4-FSS, dual 30.22 50 360
[29] 1358 4-FSS, dual 23.9 55 360
[30] 13 2-Huygens, single 31.09 61.04 359.5
This work 28 2-Huygens, dual 30.8 423 351
reaches the maximum of 45.76% at 27.8 GHz. The y- and x-polarized
39 60 measurement value reaches the maximum 42.3% and 40.3% at 28 GHz,
—_ respectively. In brief, both the simulated and measured results
30t 50 &\c/ consistently exhibit outstanding radiation performance of the meta-
3“ lens antenna, validating its effectiveness.
= 3 40 5 The important performance indicators of the proposed meta-lens
%3 I é antenna with the state-of-the-art planar lens antenna are compared in
E EE Table 2. All the lens antennas mentioned in Table 2 have obtained high
8 26¢ —— 30 ol gain and aperture efficiency with full phase coverage. However,
Ir——-i - Nllg:y-"ggl Gai¥e's é multilayer FSS structures are used in Ref. [27-29], which leads to
24 /:,” o Meax-pol Gain ) ‘\‘ 20 g complex structures and expensive manufacturing. On the other hand,
g ¥ Mea.y-pol Effiency < the proposal of Ref. [30] has the advantage of a simple double-layer
37 . =, Mea.x-po] Effiency 10 structure, but only work in the single-polarization case. In contrast, our

2
225 26 27 28 29 30
Frequency(GHz)

FIGURE 7
Simulated and measured gain spectrum and aperture efficiency.

system mainly comes from the horn feed. Overall, the measured
results are in good agreement with the simulated results.

Figure 7 illustrates the gain spectrum and aperture efficiency of
the meta-lens antenna. The simulation results indicate that a
maximum gain is obtained at 27.8 GHz with a value of 31.14 dBi,
which is 16.14 dB above the horn feed source. The simulated 3-dB
gain bandwidth is the frequency range of 26-29.8 GHz,
corresponding to the relative bandwidth of 13.8%. These simulated
results clearly showcase the outstanding focusing capability of the
meta-lens. Then we measure the far-field radiation for both
polarizations to determine the dual-polarization performance. For
the y-polarization, the measured maximum gain appears at 28 GHz
with a value of 30.8 dBi. Its 3-dB gain bandwidth ranges from 26.7 to
30.2 GHz, corresponding to a relative bandwidth of 12.5%. For
x-polarization, we have observed a maximum gain of 30.6 dBi
precisely at 28 GHz. Its 3-dB gain bandwidth ranges from 26.8 to
30.1 GHz, or 11.8%. The measurements for both polarizations are
very close to each other and have a similar spectral shape compared to
the simulation results. Therefore, the simulation results are effectively
verified by the measurements. In addition, there is slight frequency
shift of measurement towards higher frequencies by about 0.5 GHz
compared to the simulation results. The frequency shift of gain
spectrum maybe is caused by the manufacturing errors.

In addition, the aperture efficiency can be calculated with gain G,
the size of meta-lens D and the operating wavelength Ao, which satisfies
the equation 1 = G\¢’/(41D?)x100%. The simulated aperture efficiency
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work provides a solution to achieve a high-performance dual-polarized
lens antenna with the simple structure and low manufacturing cost.

4 Conclusion

In summary, we studied a dual-layer dual-polarized Huygens’
metasurface with full transmission phase coverage and its
application of high efficient meta-lens antenna. The Huygens’
metasurface is implemented on a dielectric substrate and achieves
available of 360°. When the
metasurface is used for meta-lens antenna, the simulated and

transmission phase coverage
measured results show strong focusing capability and good radiation
performance. This Huygens’ complete
transmission phase coverage in a simplified structure, which means

metasurface  obtains

low cost and easy to fabricate. The current work is concerned with the
generation of highly directional fixed beams. When loaded with PIN
diodes, this meta-lens antenna can be expected to be used for beam
steering. Undoubtedly, it has the potential to promote more engineering
applications.
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