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Abstract—To solve the problem of single working frequency of traditional reflective focused
metasurface, a dual-band reflective focused metasurface is proposed, which can realize independent
focusing characteristics at 7.25GHz and 20.5GHz. The metasurface unit is composed of metal elements
combined by a split-ring resonant structure working at 7.25GHz and an elliptical resonant structure
working at 20.5GHz in the same plane, dielectric substrate, and ground. Dual-band independent
control and 360◦ phase coverage are achieved by adjusting the dimensions of unit. The surface current
distribution also verifies the rationality of the designed metasurface element. Based on the principle of
quasi-optical path, a dual-band reflective focused metasurface with independent focusing characteristics
is designed. Through full-wave simulation, the focusing efficiency at 7.25GHz and 20.5GHz is calculated
by Poynting theorem, which are 56.9% and 57.5%, respectively. The proposed dual-band metasurface
has the characteristics of simple structure and low profile without multi-layer stacking and metal
through-holes.

1. INTRODUCTION

Near-field focusing (NFF) transmission technology is widely used in many aspects, such as optical
imaging [1], wireless power transfer (WPT) [2], and radio frequency identification (RFID) [3]. NFF is a
characteristic of Fresnel and near-field regions of antennas [4, 5]. Theoretically, electromagnetic waves
from the transmitting source can be focused at a certain point in near-field region within the boundary
2D2/λ. Since the last century, NFF has been realized through various antenna structures, such as
parabolic reflector [6], dielectric lens antenna [7], microstrip phased array [8–11], and planar Fresnel
zone plate [12, 13]. However, the development of NFF in a WPT system has been hindered because
of the high cost of processing parabolic reflectors, the complexity of microstrip array feeding, and the
low efficiency of planar Fresnel zone plate lens. Therefore, WPT system needs more diversity and
flexibility in actual applications. Therefore, it has attracted researchers’ attention to better controlling
the focusing beam.

In recent years, metasurface technology has provided a new way for electromagnetic wave regulation,
which has attracted the attention of more and more scholars all over the world [14]. By adjusting the
orientation angle and size of each metasurface element, the phase of scattered wave can be controlled in
space to shape the wavefront [15–17]. Based on this concept, it is easier to realize NFF. Furthermore,
metasurface has the advantages of light weight, low profile, and simple structure, which is more practical.
In [18], Chia et al. designed a one-dimensional reflective focusing metasurface with a central frequency of
5.8GHz using a horn antenna as feeding source, and the reflected wave is focused at 10 to 12 operating
wavelength away from the metasurface array. In [19], Zhang et al. designed a cross dipole element array,
which uses a horn antenna as the feeding source to focus in near-field. And the array can generate
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focal points at different positions by making use of the polarization independence of its elements, in
which the maximum focusing efficiency of a single focal point can reach 65.9% [16]. However, their
operating frequency band is limited to a single frequency band, which limits the application of NFF
technology in WPT system to a certain extent. In [20], Zhang et al. proposed a double-layer coding
metasurface of embedded PIN diode. By changing the coding mode of the units on the upper and lower
plane, the focal length can be dynamically varied from 100mm to 150mm and 200mm to 300mm at
6GHz and 9.8GHz, respectively, which improved the freedom of NFF technology in WPT system. A
dual-band reflective metasurface operating at 5.8GHz and 10GHz is proposed in [21]. Based on the
dual polarization independent control structure unit, the NFF beams with different polarizations are
obtained. The simulation results show that the near-field focusing characteristics are better than the
Bessel beam under the same conditions.

In this paper, a reflective metasurface array for NFF is proposed. A novel sing-layer dual-band
metasurface unit is proposed to realize dual-band focusing. For both 7.25GHz and 20.5GHz, the
reflection phase shift of the proposed unit can achieve about 360◦. And the reflection phase at
corresponding frequencies can be independently controlled respectively. Then a reflective metasurface
with a single near-field focus using 15 × 15 elements with the size of 210mm × 210mm is designed.
Finally, NFF is achieved at 7.25GHz and 20.5GHz by vertically irradiating the metasurface using
circularly polarized plane wave as the source.

2. METASURFACE ELEMENT DESIGN

The metasurface element proposed in this paper is shown in Figure 1. As depicted, it comprises
monopole and split-ring resonant structures, working at 15.25GHz and 7.25GHz respectively, a metallic
square ground plane, and a Polyimide substrate with a relative permittivity of 3.5 between them. The
thickness of substrate is h = 2mm. After optimization design, other parameters are selected as follows:
P = 14mm, R1 = 6.25mm, R2 = 5.55mm, L = 5mm, W = 0.5mm, α1 = 350◦. Moreover, α2 and α3

are the orientation angles of the monopole and split-ring structures towards y-axis, respectively.

Figure 1. The geometric structure of metasurface element.

To estimate the performance of the proposed metasurface element, a full-wave period simulation
is applied using CST Microwave studio. As shown in Figure 2, when α2 and α3 vary from 0◦ to 180◦,
the amplitude of reflective wave at 15.25GHz and 7.25GHz remains constant at over 0.9, meeting the
requirement of focusing metasurface element. In addition, it can be found that when the rotation angle
of the split-ring resonant structure changes from 0◦ to 180◦, the reflection phase shift of the metasurface
element at 7.25GHz is about 360◦ as shown in Figure 3(a). By contrast, big fluctuation at 15.25GHz
can be found in this situation, which is 66.04◦. So, this phenomenon indicates that the coupling between
the two small structures is strong and does not meet the design requirements of dual-band structure.
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Figure 2. Reflection amplitude of the dual-band metasurface element.

(a) (b)

Figure 3. Reflection phase of the dual-band metasurface element. (a) Reflection phase versus the
orientation angle α2 of the split-ring structure. (b) Reflection phase versus the orientation angle α3 of
the monopole structure.

In Figure 3(b), small fluctuation of the reflection phase can be found at 7.25GHz when the orientation
angle of the monopole structure changes from 0◦ to 180◦. By comparison, the reflection phase at
15.25GHz spans about 360◦ in the same situation.

After many modifications, the previous monopole resonant structure is replaced by ellipse-ring
resonant structure, and other structures remain unchanged. The structural parameters of the optimized
elliptical structure are a = 5mm, b = 1mm, as shown in Figure 4.

As displayed in Figure 5, the amplitude of reflected wave at 20.5GHz and 7.25GHz remains constant
with the dual resonant restructure by an angle ranging from 0◦ to 180◦, and it is both greater than 0.9.
At the same time, it can be found that the reflection phase shift of the metasurface element at 7.25GHz
is about 360◦ in Figure 6(a) when the orientation angle of the split-ring resonant structure changes
from 0◦ to 180◦. In addition, there is a small fluctuation in the reflection phase of the metasurface
element at 20.5GHz. In this case, a similar phenomenon can be found in Figure 6(b). Hence, it can
be concluded that the reflection phase at 7.25GHz and 20.5GHz can be independently controlled by
changing the orientation angle of elliptical and split-ring resonant structure respectively. To sum up,
compared with the previous metasurface element structure, the reflection amplitude of the optimized
metasurface element is slightly higher, but the fluctuation of the reflection phase is smaller. And the
optimized metasurface element has a larger span of dual operating frequency, which has better practical
application. So the optimized metasurface element has better dual-band feature.
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Figure 4. The schematic of optimized metasurface element.

Figure 5. Reflection amplitude of the optimized dual-band metasurface element.

(a) (b)

Figure 6. Reflection phase of the optimized dual-band metasurface element. (a) Reflection phase
versus the orientation angle α2 of the split-ring structure. (b) Reflection phase versus the orientation
angle α3 of the elliptical structure.
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Figure 7. Reflection amplitude of metasurface unit at oblique incidence.

(a) (b)

Figure 8. Current distribution diagram of metasurface unit. (a) Current distribution diagram of
metasurface unit at 7.25GHz. (b) Current distribution diagram of metasurface unit at 20.5GHz.

At the same time, in practical applications, electromagnetic waves radiating on a focused
metasurface may not incident perpendicular to surface. So, it is necessary to discuss the focusing
performance of metasurface unit at oblique incidence. The simulation results are shown in Figure 7,
and it can be seen that as the incident angle increases, high reflection can still be maintained at 7.25GHz
and 20.5GHz. However, as the incident angle further increases, the reflection amplitude at 20.5GHz
has decreased, indicating that the incident angle has a significant influence on reflection amplitude at
high frequency. However, the designed metasurface unit can maintain good reflection from 0 to 30◦,
which basically meets the requirements for dual-band metasurface unit.

Finally, H-field and surface current monitor at 7.25GHz and 20.5GHz is added to observe the
proposed dual-band metasurface unit, and the corresponding current distribution diagram is shown in
Figure 8. It can be observed that the surface current distribution of split-ring structure at 7.25GHz is
concentrated, and the current intensity is large, while the current intensity of elliptical structure is small
in Figure 8(a). At the same time, it can be observed that the surface current distribution of split-ring
structure at 20.5GHz is sparse, and the current intensity is small, while the current distribution of
elliptical structure is dense, and the current intensity is large in Figure 8(b). This phenomenon shows
that the coupling between split-ring structure and elliptical structure is small, which meets the design
requirements of dual-band metasurface and is consistent with the analysis of reflection phase parameters
in Figure 6.
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3. DESIGN ON NFF METASURFACE

3.1. Near-Field Focused Metasurface Design

The phase distribution of the reflective metasurface is determined by the operating frequency of incident
wave, excitation mode, focus position, and other indicators. As shown in Figure 9, the reflecting surface
is located in the xoy plane, with the geometric center of the whole reflecting surface as the coordinate
origin, and the plane wave is illuminated from above the xoy plane. Each metal unit structure on
the reflecting surface can be regarded as a point source, and the central coordinate of the metal unit
structure can be used as the coordinate of the point source, so as to independently adjust the reflection
phase of the units at different positions on the front of the reflecting electromagnetic surface, and
different focusing functions can be obtained. Based on the superposition principle of fields, the electric
field distribution required to generate multiple focal points can be obtained by adding the electric field
vectors required to generate each independent focal point. Assuming that there are n focal points at
different positions, the aperture field distribution of the whole reflecting surface can be expressed as

ER(xi, yi) = A(xi, yi)e
jφ(xi,yi) =

∑N

n=1
An(xi, yi)e

jφi(xi,yi), (1)

where (xi, yi) is the coordinate of the center position of the ith element, and An(xi, yi) and φn(xi, yi)
are the required amplitude and phase of the ith element to generate the nth focus on the reflective
plane. Therefore, A(xi, yi) and φ(xi, yi) are the final amplitude and phase information to generate the
ith element of the nth focus.

Figure 9. The diagram of NFF metasurface.

Using the plane wave of vertical incidence as the feeding source, only the phase information caused
by the path difference from the focus point to the metasurface needs to be considered. According to the
electromagnetic wave propagation theory, the phase is equal to the multiplication of wave number and
wave path, and the distance between each element on the reflective metasurface and the focus position
is |−→r dm −−→r i|, so

∆φi(xi, yi) = φd(xi, yi) (2)

the final phase shift on the ith element can be obtained as follows:

φd(xi, yi) = k |−→r dm −−→r i| (3)

3.2. Simulation Results

Through literature review, it can be found that the ratio of focal length and the size of metasurface array
is greater than 1, as shown in Table 1. Therefore, the design goal of this paper is to focus at a distance
of 220mm from the super surface, that is, the focal length F = 220mm. In practical applications, the
beam needs to focus flexibly in near field, and the shielding effect of the feed on the reflected wave
should be avoided. Based on the theory in Section 1, the reflective phase distribution of metasurface is
calculated through MATLAB in Figure 10. The working frequencies of the reflective metasurface are
7.25GHz and 20.5GHz, and the metasurface is composed of 15× 15 elements.
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Table 1. The comparison of reflective metasurface.

Reference Focal distance/mm Metasurface’s aperture length/mm Ratio

[19] 1000 390 2.56

[22] 1000 520 1.92

[23] 500 405 1.23

This paper 220 210 1.05

(a) (b)

Figure 10. Metasurface compensated phase distribution. (a) 7.25GHz, (b) 20.5GHz.

(a) (b)

Figure 11. The normalized electric field distribution at z = 220mm. (a) 7.25GHz, (b) 20.5GHz.

When the circularly polarized plane wave irradiates the metasurface array vertically, taking the
position z = 220mm and the size 210mm × 210mm in the simulation results, the distributions of
normalized electric field intensity on the xoy plane are shown in Figure 11(a) and Figure 11(b). Among
them, the maximum positions of field intensity at 7.25GHz and 20.5GHz are (−1.75,−5.07, 220)mm and
(1.62,−1.65, 220)mm respectively, which are consistent with the ideal focusing position (0, 0, 220)mm.
At the same time, the distribution characteristics of electric field intensity in the plane of are relatively
consistent with the expected distribution characteristics.
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Figure 12. The schematic of focusing efficiency calculation.

4. ANALYSIS OF NFF EFFICIENCY

How to analyze and calculate the focusing efficiency of metasurface array is very important as a means
of WPT. A well-designed focusing transmission device can obtain high energy transmission efficiency.
In the design of this paper, focusing efficiency η can be determined by the ratio of the total energy Pd

of the focusing area at the reference plane and the total energy Pg of the entire focusing metasurface
aperture, that is:

η =
Pd

Pg
(4)

As shown in Figure 12, Sd and Sg are the area of the focusing aperture and the physical aperture of
the reflective metasurface on the near-field observation plane, respectively. Pd and Pg can be calculated
by numerical integration based on Poynting’s theorem. The specific calculation formulas are as follows:

Pd =

∫
Sd

Re(
−→
E ×

−→
H ) · d−→s

Pg =

∫
Sg

Re(
−→
E ×

−→
H ) · d−→s

Through the CST full wave simulation, the values of Pd and Pg are calculated to obtain the focusing
efficiency. Finally, the focusing efficiency of 7.25GHz and 20GHz is 56.9% and 57.5%, respectively,
showing good focusing features. Under the corresponding operating frequency, the focusing energy of
the metasurface designed in this paper in the focusing plane is better than that in the Reference [18].

5. CONCLUSIONS

Firstly, a new reflective metasurface element is proposed, which adopts a single-layer structure to reduce
the design difficulty. The reflection coefficient phase is greater than 360◦ at 7.25GHz and 20.5GHz,
meeting the design requirements. On the basis of completing the unit design, the array is assembled, and
a dual frequency reflective metasurface is designed to focus at (0, 0, 200)mm. The focusing efficiency of
7.25GHz and 20.5GHz is calculated to be 56.9% and 57.5%, respectively, indicating that this research
has potential application value in the field of WPT.
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