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A Design Method of Compact Metasurface-Based Dual-Band Planar
Lens Antennas for Multibeam Applications
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Abstract—A design method of compact dual-band multi-beam antennas is proposed by integrating a
dual-band metasurface lens with a dual-band planar antenna array in this paper. The dual-band multi-
beam antenna designed through this method has a compact configuration, low cost, and is easy to
integrate with other devices for communication. The dual-band multi-beam function of the antenna by
this method has been verified through a double-layer dual-band metasurface lens and a five-element dual-
band planar antenna array. A dual-band meta-cell with relatively independent performance at 13 GHz
and 23.5 GHz is designed to form the metasurface lens. Dual-band magnetoelectric (ME) dipole antenna
is used as the feed antenna element. The simulated and tested results indicate that the lens antenna
generates five independent beams at both 13 GHz and 23.5 GHz. Considering practical applications,
solutions to improve antenna performance and reduce losses have also been proposed.

1. INTRODUCTION

In recent years, the vigorous development of wireless technology has driven researches on antenna
technology. Technologies such as multi-band antennas, shared-aperture antennas, and multibeam
antennas have been rapidly developed. Among them, multi-beam antennas are widely researched
and applied in 5G wireless communications and satellite communications due to their unique coverage
function. Multibeam antennas based on metasurface lens are attractive because of their low cost,
compact structure, and simple signal processing methods [1].

Many researches on multibeam metasurface lens antenna have been reported. In [2], a thin
planar lens antenna based on metamaterial working at 28 GHz is proposed for special beamforming
and multibeam multiple-input multiple-output (MIMO). The antenna achieves a coverage of +27° by
using a dual-layer metasurface lens and seven feed antennas. The focusing characteristics under different
ratios of focal length to aperture diameter are also studied. In order to further expand the phase shift
range of the metasurface cell, the phase shift of more than 400° is realized by 180° phase reversals of
the feed elements in [3]. By sacrificing the polarization in one direction of the metasurface cells through
special design, the phase shift of more than 400° and the bandwidth of 15.7% are realized in [4]. In
order to expand the coverage, some lenses that can realize wide-angle beam coverage are designed [5, 6].
Some planar Luneberg lenses have also been proposed as solutions for wide-angle beam coverage [7, 8].
When the application of metasurface lens expands to low frequency, the conventional electrically large
lens is no longer suitable, and the lenses with relatively electric small size are proposed [9,10]. In
addition, some active lens antennas have also been proposed [11,12]. Singleband metasurface lenses for
multibeam applications have been widely reported.

Many dual-band metasurface lens antennas or transmitarrays have been researched. Most of the
researches focus on dual-band lens antennas with fixed beam [13-16]. Some studies have considered
dual-band beam scanning by offsetting the feed from the focus or rotatable transmitarray [17,18]. The
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dual-band rotatable transmitarrays are also proposed for dual-band beam scanning [19,20]. In these
researches, horn antennas are usually used as the feeds, which is not conducive to compact dual-band
configuration and integrating with other devices. Compared with dual-band beam scanning with single
feed at each band, the dual-band multi-beam function requires some dual-band feed elements to form
an array, and each feed element needs to have a fixed position.

As a solution to the problem, a design method of compact dual-band multi-beam antennas by
integrating a dual-band metasurface lens with a dual-band planar antenna array is proposed in this
paper. The feasibility and mechanism of the method are discussed in Section 2. A dual-band meta-
cell with relatively independent performance at 13 GHz and 23.5 GHz is designed, and the dual-band
focusing characteristics are verified through a double-layer lens composed of the meta-cell in Section 3.
A five-element dual-band planar antenna array is designed in Section 4. The double-layer dual-
band metasurface lens integrated with the five-element dual-band planar antenna array is simulated,
fabricated, and tested in Section 5, and the results indicate that the lens antenna generates five
independent beams at both 13 GHz and 23.5 GHz. The dual-band multi-beam function can be achieved
through this design method. The design method is suitable for applications with a frequency ratio
close to 2. Considering practical applications, a method for greatly improving antenna performance is
suggested.

2. MECHANISM AND DESIGN METHOD

The basic mechanism of lens antenna is to control the optical path or phase of electromagnetic wave,
so that its wavefront can obtain the predetermined characteristics. Corresponding to the manipulation
of path and phase, the lens forms are dielectric lenses and metasurface lenses, respectively. Dielectric
lens controls the wavefront by using the path difference generated by the dielectric. Metasurface lenses
use the phase shift characteristics of the metasurface to directly generate the phase difference, so as to
control the wavefront. The monochromatic sine wave propagating forward along X axis of Cartesian
coordinate system can be expressed as

E = Eysin(wt — kx + ¢) (1)

where x and ¢ represent position and initial phase, respectively. If the path difference Az and phase
difference Ay are introduced, respectively, the formula will become

E = Eysin(wt — k(z 4+ Az) + ¢) (2)
E = Eysin (wt — kx + ¢ + Ax) (3)

Due to the properties of trigonometric function, if
—kAz = Ap £ 2nm (4)

Az and Ay will have the same effect on electromagnetic wave. The wavefront control effects of dielectric
lens and metasurface lens with infinitesimal cells are equivalent. Therefore, the theories or conclusions
of dielectric lens can be applied to the metasurface lens with infinitesimal cells to analyze its wavefront
control characteristics. For the dielectric lens with a constant refractive index, the wavefront control
effect is frequency independent. This is because the same path difference has the equivalent effect on
far-field at any frequency. If Az is used to replace Ay, Ay can be expressed as

Ap = —kAx £ 2nm = 27# + 2n7w (5)

Therefore, Ay depends on the wavelength A and path difference Ax. For a certain Az, the corresponding
Aypy and Ags can be calculated according to the corresponding wavelengths A; and Ao at two different
frequencies fi and fo. Considering the frequency independent characteristics of dielectric lenses, A
and Ags of the metasurface lenses will lead to the same effect at f; and fo for far-field electromagnetic
wave.

In fact, infinitesimal metasurface cells cannot be achieved in practice. Usually, subwavelength
metasurface cells are used to form lenses. The characteristics of each cell are approximately replaced
by the characteristics of the cell center. The theory of dielectric lens can still be used to approximately
analyze the metasurface lens. The dual-band focusing characteristic will be verified later.
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Based on the above analysis, the dual-band multi-beam design method is summarized. The dual-
band planar metasurface lens can obtain a series of same focus positions at both central frequencies.
The dual-band planar antenna array can be designed as a feed array, and each antenna element is
arranged near the focus position. By exciting the antenna element, the dual-band multi-beam function
can be achieved.

To further verify the feasibility of the method, a double-layer dual-band metasurface lens and a five-
element dual-band planar antenna array is designed as shown in Figure 1. The dual-band metasurface
lens is a double-layer structure composed of dual-band meta-cells. The five-element antenna array
consists of five identical dual-band magnetoelectric (ME) dipole antennas with linear arrangement.
13 GHz and 23.5 GHz are selected as the central operating frequencies.

Double-layer dual-band
meatasurface lens
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Figure 1. Side view of the lens antenna.

3. METASURFACE LENS DESIGN

3.1. Dual-Band Meta-Cell

In the design of metasurface lens, meta-cells are used for phase compensation. The frequency
characteristics of the metasurface lens mainly depend on the meta-cells.

Since the meta-cell have different phase compensation values at two operating frequencies, it is
essential to design the meta-cell that the phase can be independently adjusted at each frequency.
Figure 2(a) shows the dimensions of the proposed dual-band meta-cell. The single-layer structure
consists of a substrate with thickness of h; and a copper pattern layer with a thickness of 0.035 mm.
The edge part of the copper pattern is a derived Jerusalem cross (JC), which is used to control the
phase of the lower frequency band. This structure is adopted because the phase control of JC cell
mainly depends on the strip length at the edge of the cell and has little relationship with the strip at
the center of the cell. The central part of the copper pattern is a ring and a circular patch to control
the phase of the higher frequency band. Similarly, the phase control of the structure only depends on
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Figure 2. Configuration of the designed dual-band meta-cell. (a) Single layer dual-band meta-cell.
rg=0.6,711=29,7r0=3.8,d=04,1=0.8, w=1.0, p=9.0, h;y = 0.406 and hy = 3.04, all dimensions
are in mm. (b) Double-layer dual-band meta-cell.
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Figure 3. Electric field intensity distribution on the meta-cell. (a) 13 GHz. (b) 23.5 GHz.

the area between the circular patch and the ring. In addition, the ring structure and the attached stubs
at the end of the JC edge strip are both conducive to reducing the influence between two bands.

The simulated electric field intensity is shown in Figure 3. The electric fields at 13 GHz and
13.5 GHz are mainly distributed in different areas of the cell, indicating that the performance can be
independently changed by changing the dimension of the different areas.

Two identical cells are cascaded as final double-layered cell as shown in Figure 2(b). Cascading
more layers of cells will achieve better performance. According to [2], the double-layered cell with
maximum phase shift of 240° and the maximum transmission loss of 6.6 dB can reflect the radiation
characteristics of the metasurface lens antenna. Therefore, double-layer structure is used to validate the
design method. Rogers RO4003C (&, = 3.55 and tané = 0.0027) with thickness of 0.203 mm is selected
as the substrate in the simulation.

Figure 4 shows the simulated performance with different w, 79, and r;. In Figure 4(a) and
Figure 4(b), when w changes, the maximum phase shift of 240° at 13 GHz is obtained with a maximum
transmission loss of 6.5 dB. The phase shift is always less than 30° at 23.5 GHz. As shown in Figure 4(c)
and Figure 4(d), when 79 and r; change, a phase shift of 235° can be obtained at 23.5 GHz with a
maximum transmission loss of 6 dB. At the same time, the phase shift at 13 GHz can be guaranteed
within 30°. The dual-band meta-cell has relatively independent performance at 13 GHz and 23.5 GHz.
By cascading more layers of meta-cells, lower transmission loss can be achieved.

3.2. Metasurface Lens and Focusing Characteristics

A circular aperture lens is designed using dual-band meta-cells. The diameter of circular aperture D is
90 mm. According to [2], f/D = 0.5 is applied to ensure a relatively uniform focus distribution.
For single band lens, the phase compensation of cells at different positions can be calculated by

_2nf 1—cos(9)
Ao cos(6)
0 = tan"'(r/f) (7)

where r is the distance from the center of the cell to the center of the lens, Ay the wavelength in free
space at the central frequency, and 6 the angle of the incident ray deviating from the axis. According
to the analysis in Section 2, the phase compensations of the dual-band lens can also be calculated by
(6). For the phase calculation of different frequency bands of the same cell, r, § and f should be the
same. Ag = 23.08 mm and Ay = 12.77mm are taken, respectively, corresponding to the frequencies of
13 GHz and 23.5 GHz. The distribution of lens phase compensation is shown in Figure 5.

The three-dimensional model of the dual-band lens is built, and focusing characteristics at 13 GHz
and 23.5 GHz are simulated. The lens is illuminated by plane waves with incident angles o = 0°, 10°,
and 20°, respectively. The electric field intensity distributions on the focal plane of the lens are shown in

Ve = + 2nm (6)
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Figure 4. Simulated performances of the designed dual-band meta-cell. (a) Transmission phase with
different w. (b) Transmission amplitude with different w. (c) Transmission phase with different r and

r1. (d) Transmission amplitude with different r and r;.

(b)

Figure 5. Phase distributions on dual-band metasurface lens. (a) 13 GHz. (b) 23.5 GHz.

Figure 6. The simulated results show that under the plane wave irradiation with incident angles o = 0°,
10°, and 20°, the maximum electric field positions at 13 GHz on the focal plane are O mm, 19.91 mm,
and 38.50 mm away from the focal plane center, respectively, and the maximum electric field positions
at 23.5 GHz are 0 mm, 19.87 mm, and 38.5 mm away from the focal plane center, respectively. After the
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Figure 6. Electric field intensity distributions on focal plane. (a) a = 0° at 13GHz. (b) a = 10° at
13GHz. (c) @ = 20° at 13GHz (d) o = 0° at 23.5GHz. (e) a = 10° at 23.5GHz. (f) o = 20° at
23.5 GHz.

plane wave passes through the designed dual-band lens, the two considered frequencies have almost the
same focusing position under the same incident angle. These focusing positions guide the arrangement
of feed antenna elements.

4. FIVE-ELEMENT FEED ANTENNA DESIGN

4.1. Dual-Band Feed Antenna Element

A dual-band ME dipole antenna is designed to form a five-element feed antenna array. The configuration
of the antenna is shown in Figure 7. Its mechanism is similar to [21]. The antenna in this paper
operates at 13 GHz and 23.5 GHz with a higher frequency ratio, and two rows of metallized blind holes
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Figure 7. Configuration of the feed antenna element. (a) Configuration of the ME dipole. (b) Patterns
on each substrate.
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are introduced to adjust the beamwidth of the feed antenna.

The ME dipole consists of two mirrored U-shaped patches, a substrate integrated waveguide (SIW)
cavity with slotted top and two metallized vias connecting the patches to the slot. The two mirrored
U-shaped patches work as an electric dipole (E-dipole), while the slot on the top of the SIW cavity and
two metallized vias work as a magnetic dipole (M-dipole). In the lower frequency band, 0.5\ modes of
the E-dipole and M-dipole are excited to form the 0.5\ mode of the ME dipole. In the higher frequency
band, 1)\ modes of the E-dipole and the M-dipole are excited to form the 1A mode of the ME dipole.
In order to achieve compact configuration and better bandwidths, an SIW cavity is designed to feed
the antenna. Metallized blind holes are arranged on both sides of the U-shaped patches on the upper
substrate to adjust the lobe width of the feed antenna. In addition, a bonding layer is used to bond the
substrates. In order to feed the antenna, a substrate integrated waveguide (SIW)-to-grounded coplanar
waveguide (GCPW) transition is designed as shown in Figure 8.
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Figure 8. Configuration of the SIW-to-GCPW transition.

The dimensions of the simulated and optimized feed antenna are summarized in Table 1. AGC
TLY-5 (¢, = 2.2 and tand = 0.0009) with a thickness of 0.787mm is selected as the substrates for
simulation. The relative permittivity of the bonding layer is 2.8, and the thickness is 0.114 mm.

Table 1. Parametric value of the feed antenna (unit: millimeter).

PRM. | we le g ws S d
Value | 24 | 1.5 | 1.3 | 6.8 | 23 | 0.5
PRM. | hi h wg | lg k l
Value | 9.5 12 | 0.7 | 44 ]0.73 | 3.8
PRM. | w P wf
Value | 6.82 | 0.75 | 5.25

The simulated |S11| and gains are shown in Figure 9. The impedance bandwidths of the antenna
are 12.6-13.7 GHz and 22.3-24.6.8 GHz with the maximum gains of 9.2dBi and 12dBi, respectively.
The simulated patterns are shown in Figure 10. The lobe widths of E-plane patterns are 44° and 32°
at 13 GHz and 23.5 GHz, respectively, and the cross polarization of E-planes is less than —60dB. The
lobe widths of H-plane patterns are 55° and 36° at 13 GHz and 23.5 GHz, respectively, and the cross
polarization of H-plane is less than —20 dB. The simulated results show that the feed antenna has good
dual-band linear polarization performance.

4.2. Five-Element Feed Antenna Configuration

In order to form multiple beams, five identical feed antenna elements are linearly arranged on the focal
plane. The configuration of the dual-band five-element planar antenna array is shown in Figure 11. The



146

e |S11|

1S,,(dB)

17~ IS;[=-10dB

13

14 21
Frequency(GHz)

22 23 24

Figure 9. Simulated |S1| and gain of the single feed antenna.
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Figure 10. Simulated patterns of the single feed antenna. (a) Patterns in E-plane. (b) Patterns in

H-plane.
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Figure 11. Configuration of five-element feed antenna. (a) Front view. (b) Back view.

five antennas are designed on a planar substrate. For ease of testing, two of the antennas are inverted.
The center of each pair of U-shaped patches is on the same line. The feed ports of the five antennas
are labeled ports 1-5. The distances from port 2 to port 3 and from port 4 to port 3 are denoted as d;.
The distances from port 1 to port 2 and from port 4 to port 5 are denoted as ds.
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5. SIMULATION, EXPERIMENTS AND DISCUSSIONS

The double-layer dual-band metasurface lens is loaded on a five-element dual-band planar antenna array
and simulated. The focus position can roughly indicate the appropriate area of the antenna geometric
center. Through simulation and optimization, the distances between feed antennas d; = 19 mm,
de2 = 40 mm are obtained. In order to further discuss the feasibility of the design method, The prototype
of the lens antenna is fabricated and tested. The photographs of the prototype are shown in Figure 12.

Figure 12. Photograph of dual-band multi-beam antenna.

The lens antenna is axisymmetric, so the simulated and tested results excited by ports 1-3 are
displayed. The simulated and measured S-parameters and gains are shown in Figure 13. The simulated
impedance bandwidths corresponding to ports 1-3 are 12.7-13.5 GHz, 12.5.1-13.5 GHz, and 12.7-
13.5 GHz in the lower frequency band, and 21.7-24.0 GHz, 21.8-24.1 GHz, and 21.9-24.1 GHz in the
higher frequency band, respectively. The isolation is larger than 20dB in both bands. The gains are
16.2-18.3 dBi, 18.2-19.8 dBi, and 18.1-19.9 dBi over the lower frequency band, and 16.5-18.4 dBi, 18.1-
19.7dBi, and 18.2-21.3 dBi over the higher frequency band, respectively. The simulated and measured
results are basically consistent.
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Figure 13. S-parameters and gains of the dual-band multi-beam lens antenna.

The simulated patterns at 13 GHz and 23.5 GHz are shown in Figures 14(a) and (b). The beam
directions of the patterns corresponding to ports 1-3 are 20.0°, 10.0°, and 0° at 13 GHz, 18.0°, 9.0°,
and 0° at 23.5 GHz, respectively. The beam directions of the same port are slightly different at 13 GHz
and 23.5 GHz, which is mainly caused by the fact that the equivalent phase centers of the feed antenna
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Figure 14. Simulated patterns of the dual-band multi-beam lens antennas excited by port 1-3.
(a) Patterns at 13 GHz. (b) Patterns at 23.5 GHz.

do not coincide at 13 GHz and 23.5 GHz. The deterioration of the patterns at 23.5 GHz is caused by
inaccurate phase compensation.

The simulated and tested results indicate that the lens antenna generates five independent beams
at both 13 GHz and 23.5 GHz, and the dual-band multi-beam function is achieved through the proposed
design method. The tested patterns at 23.5 GHz are distorted compared to the 13 GHz results. This is
probably due to the defocus caused by machining error of the fabricated prototype.

6. CONCLUSION

A design method for compact dual-band multi-beam antennas is proposed. The dual-band planar
metasurface lens can obtain a series of same focus positions at both central frequencies. The dual-band
planar antenna array can be designed as a feed array, and each antenna element is arranged near the
focus position. By exciting the antenna element, the dual-band multi-beam function can be achieved.
Compared with horn antenna used as a dual-band feed to achieve beam scanning, the dual-band multi-
beam antenna designed through this method has a compact configuration, low cost, and is easy to
integrate with other devices for communication applications.

The dual-band multi-beam function of the antenna by this method has been verified through a
double-layer dual-band metasurface lens and a five-element dual-band planar antenna array. A dual-
band meta-cell with relatively independent performance at 13 GHz and 23.5 GHz is designed to form the
metasurface lens. A dual-band ME dipole antenna is used as the feed antenna element. The simulated
and tested results indicate that the lens antenna generates five independent beams at both 13 GHz and
23.5 GHz.

Considering practical applications, the solution to improve antenna performance and reduce losses
is suggested. By cascading more layers of meta-cells proposed in this paper, the transmission amplitude
and transmission phase performance of the dual-band meta-cells will be greatly improved, and the
performance of the dual-band multi-beam antenna will also be significantly improved. Some of the
beams pointed at fixed locations are not ideal, which need to be optimized in further work.

This paper provides a reliable design method of dual-band multi-beam antenna. The design method
is expected to be applied to 5G frequencies of 26 GHz and 47 GHz and is promising for 5G multibeam
applications of wireless communication.
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