IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received July 22, 2019, accepted August 4, 2019, date of publication August 9, 2019, date of current version August 22, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2934135

Design, Measurement and Analysis of Near-Field
Focusing Reflective Metasurface for
Dual-Polarization and Multi-Focus

Wireless Power Transfer

PElI ZHANG, LONG LI, (Senior Member, IEEE), XUANMING ZHANG,
HAIXIA LIU, (Member, IEEE), AND YAN SHI", (Senior Member, IEEE)

Key Laboratory of High Speed Circuit Design and EMC of Ministry of Education, School of Electronic Engineering, Collaborative Innovation Center of
Information Sensing and Understanding, Xidian University, Xi’an 710071, China

Corresponding authors: Long Li (lilong@mail.xidian.edu.cn) and Haixia Liu (hxliu@xidian.edu.cn)

This work was supported by the Science and Technology Project of State Grid Corporation of China through the Research on Ten-meter
level Microwave Radio wireless power Transmission Technology.

ABSTRACT A new design of dual-polarization and multi-focus near-field focusing (NFF) reflective
metasurface for wireless power transfer (WPT) system is proposed in this paper. In terms of multi-beam
phase synthesis of reflective metasurface, the dual-polarization metasurface with independent regulation
characteristics is introduced to realize multi-focus and high-efficiency WPT. The single-feed single-focus
and the single-feed dual-focus metasurface working at X-band (10 GHz) with 26 x 26 elements in two
polarizations are designed, fabricated and measured by planar near-field scanning experiments. Furthermore,
a compact antenna is designed and fabricated as the receiver to form a practical WPT system. The
measurement results show that a NFF transfer system is 15 dB higher than a non-NFF transfer system.
Through full-wave simulation and experiments of three cases, single focus, dual-focus, and single focus with
dual-polarization can respectively realize the maximum focusing efficiency of 71.6%, 68.3% and 65.9%.
The relative bandwidth with 50% power focusing efficiency of these three cases are all about 12%, which
demonstrates the stability and feasibility of the NFF reflective metasurface for practical WPT applications.

INDEX TERMS Near-field focusing, reflective metasurface, wireless power transfer, multi-focus,
dual-polarization.

I. INTRODUCTION

Since electric energy has become the main energy source in
human society, it has always been a dream to realize wireless
power transfer (WPT). According to the working mechanism,
WPT systems [1] can be divided into magnetic induction [2],
magnetic coupling resonance [2] and microwave transmis-
sion systems [3]. Among these, the former two have been
on the road to commercialization, which can be respectively
applied to small electronic devices within range of 10 cm
and large-sized equipment such as vehicles [4]. However, for
long-distance transfer of more than 1m, it can only be realized
by means of microwave transmission. The propagation of
microwaves in space is accompanied by large attenuation
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and loss, thus how to efficiently transfer microwave power
becomes the core issue of long-distance WPT. In the far-field
region, the traditional high-gain directional beam can solve
the problem of long-distance and high-power, but the power
distribution is divergent, and the aperture of the whole system
is also large and costly.

Near-field focusing (NFF) [5], [6] is a property of Fresnel
and near regions of antennas, theoretically speaking, which
can converge electromagnetic waves from the transmitting
source at a certain point in near-field region within the outer
boundary of 2D?/A. Since its introduction in the last century,
NFF has been implemented through various antenna struc-
tures, such as, parabolic reflector [7], dielectric lens anten-
nas [8], microstrip phased array [9]-[12], planar FZP(Fresnel
zone plate) lens [13], [14] and so on. But the processing
difficulty of parabolic reflector, the complexity of microstrip
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array, and the low-efficiency of planar FZP(Fresnel zone
plate) lens, all these problems hinder the development of
NFF for WPT. In recent years, microstrip leaky-wave antenna
[15], [16] is proposed to make a simpler alternative solution
to phased-arrays. Therefore, the transmitter which can both
take into account efficiency and cost remains to be further
explored

On the other hand, WPT needs to meet the practical
needs of more diversification and flexibility. How to bet-
ter control the focused beam has attracted the attention of
researchers. In 2013, [17] attempted control the amplitude
excitation to reduce unwanted secondary lobes through Gaus-
sian arrays, and based on the higher order Bessel beams
methods, achieved multi-focused beams in the near-field by
a 20 GHz circular antenna array. In 2016, [18] put forward
a Ka-band NFF array with SIW(substrate integrated waveg-
uide) technology, whose metallic circular holes are designed
as both phase shifters and radiating elements. A side-lobe
of less than —18 dB was obtained by properly arranging
the dimensions of the metallic circular holes. In 2017, [20]
proposed a reconfigurable holographic metasurface aper-
ture to realize dynamic NFF. In 2018, [19] presented an
8 x 8 microstrip array which has a steerable focal distance
from 78 to 249 mm achieved as frequency varies from
9.25 to 10.5 GHz.

Since this century, the research of metasurface [20], [21],
[24]-[26] has opened a brand-new gate for the orderly reg-
ulation of electromagnetic waves. Through the periodic or
aperiodic arrangement of sub-wavelength electromagnetic
structures, the amplitude, phase and polarization properties
can be effectively regulated. Among these, each element
of the metasurface is phase-compensated according to its
optical path difference compared with an in-phase point in
space, that beam direction can be controlled, which makes
the power focused in an aperture within the near-field region.
A NFF reflective array for RFID(radio frequency identifica-
tion devices) system at 2.4 GHz was proposed [22] to obtain
a focus at the range of 2m. Some scholars have introduced
the NFF metasurface for underwater ultrasonic [23] and mid-
infrared waves [24]. In 2018, [25] proposed a new design of
NFF metasurface for high-efficiency WPT with multi-focus
characteristics, which lays a solid foundation for multi-point
NFF for long-distance WPT.

In this paper, a dual-polarization NFF reflective metasur-
face is presented with cross-dipole structure to realize the
independent control of polarization. Combined with multi-
beam reflection method, it is better to meet the actual
needs of WPT multi-focus power allocation and multi-source
power synthesis. Two NFF reflective metasurfaces working
at 10 GHz with the size of 390 mmx390 mm are designed
for single-feed single-focus and single-feed dual-focus in
different polarizations, respectively. The near-field scanning
measurement results show that this design achieves a good
function of wireless power diversity. A 4 x 4 mushroom
metasurface antenna is designed as the receiver to form a
WPT system to verify the effectiveness of NFF. Finally, some

110388

characteristics of NFF are analyzed by full-wave simula-
tion to further clarify the focusing performance for long-
distance WPT.

Il. DESIGN OF DUAL-POLARIZATION

METASURFACE ELEMENT

In order to achieve dual-polarization independent regulation,
and to take the fabrication cost into consideration, the meta-
surface element used in this paper is the single-layer cross-
dipole structure, as shown in Fig. 1. The structure can achieve
a phase shift range of approximately 330° while ensuring
the independent regulation of dual-polarization. The cross-
shaped metal branch is etched on the upper layer of the
substrate, whose material is F4ABM-2(s; = 2.2). When
changing the period of the element and the thickness of the
substrate, different reflection characteristics can be obtained.
Decreasing the element period can improve the linearity of
the phase shift curve, but the phase-shift range will decrease.
The thicker the dielectric substrate, the better the linearity of
the phase-shift curve, but the phase shift range will be rela-
tively reduced. Through the full-wave simulation optimiza-
tion design, the structural parameters are chosen as follows:
D = 15mm, H = 3 mm, W = 1 mm. The simulation model
is also shown in Fig. 1.
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FIGURE 1. Model schematic of single-layer cross-dipole element.

Another important feature of the element is the ability
to independently regulate dual-polarization incident waves.
To analyze the performance, when the incident wave is with
y-direction polarization, the element length in the fixed
x-direction may be taken in three arbitrary values: Ly = 3,
8, 13 mm, the reflection phase characteristics versus element
length in the y-direction with three phase shift curves are
obtained and shown in Fig. 2(a). It can be seen that when
changing the x-direction element length, the reflection phase
in y-direction has hardly changed. Similarly, the situation of
x-direction polarization can be observed in Fig. 2(b). The
above is a good verification of the dual-polarization indepen-
dent regulation characteristics of the cross-dipole element,
so that different focus positions and focusing functions can
be set according to the change of polarization of the incident
waves, which further broadens the applications of the reflec-
tive metasurface.
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FIGURE 2. Reflection phase characteristics of polarization independent

regulation: (a) Phase shift curve of x-direction element with y-direction

polarization excitation; (b) Phase shift curve of y-direction element with
x-direction polarization excitation.
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FIGURE 3. Model schematic of multi-feeds and multi-focus NFF reflective
metasurface.

710 0 00 00D T0MT

1Il. DESIGN OF NFF METASURFACE

A. MULTI-BEAM PHASE SYNTHESIS THEORY

The model schematic diagram of the NFF reflective meta-
surface shown in Fig. 3 is with the function of multi-feed
power synthesis and multi-focus power distribution, which
can realize the spatial diversity of wireless power. Based
on the theory of multi-beams [26], it can be seen that the
required E-field distribution of multi-focus can be obtained
by superposing the E-field of each focus. Assume that m foci
are to be generated at the locations 7 4, the superposition
E-field of the metasurface is expressed as follows:

Eq(xi, yi) = Aa(xi, ;) - exp(jod (Xi, ¥5))
M

= ) Anlxi, ) - expliomxi, ) (1)

m=1
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where (x;,y;) is the coordinate of the center of the meta-
surface element of the row i’ and column j7. A,,(x;, yj) is
the amplitude of the required E-field, while ¢, (x;, y;) is the
phase. Since the amplitude excitation of each element of the
reflected metasurface is determined by the feed excitation,
when the conventional horn-fed is chosen, the amplitude
excitation distribution A, (x;, y;) is determined. The distance
between each element of the metasurface and the target focus
is |_V)dm - 7,/) , and the expression of the phase distribution
of m-focuses is

M
@a(xi. yj) = arg Z[Dmexp<—jko|‘r>dm—7§l>]} ©)
m=1

where D,, is the amplitude of E-field of the target focus,
ko = 2m /XA is the free-space wave number. It should be
noted that by adjusting the ratio of D, at different focuses,
we can obtain unequal power distribution. This will also be
discussed in detail in the latter part through simulation and
measurement. When there are n feeds in the WPT system,
in order to achieve maximum power transfer, it is necessary
to correct the phase distribution of multiple feed excitations
to the reflective metasurface, and the initial phase distribution

o (xi, yj) is

N

@ (xi,yj) = arg 1 Y [Faexp(iko | 77, — 7i1>'|)]} &)
n=1

where F, is the E-field amplitude of each feed. The total

phase compensation can be achieved as follows:

A@ii(xi, y)) = Qa(xi, yj) — (i, yj) 4)

B. CASE1: SINGLE-FEED AND SINGLE-FOCUS

WITH DUAL-POLARIZATION

To design a reflective metasurface with single-feed and sin-
gle focus in dual-polarization, the location of the feed is
rr = (0, 0, 0.2) m, which vertically illuminates the reflective
metasurface at 10GHz. The focus of y- direction polarization
is set at 4 = (0.3, 0, 1) m, while of x-direction polarization
is set at ry = (—0.3,0, ) m. The phase distribution on the
reflective metasurface can be expressed in (5), which is also
shown in Fig. 4.

Agii(xi,y) = k(|77 — 75| + |72 — 7)) Q)

The size of the ‘cross-dipole’ etched on each element
is depending on the required reflection phase of the meta-
surface element, which is depicted in Fig. 4. According to
the phase-size relationship extracted by element simulation
in Section II, as shown in Fig. 2. The corresponding size
topology of the designed metasurface could be obtained and
observed in Fig. 5. With different colors, Fig. 5 shows the
branch lengths distribution in the y and x directions of the
cross-dipoles of the reflective metasurface. The designed
reflective metasurface consists of 26 x 26 elements, whose
top view of the simulation model is illustrated in Fig. 6.
Each cross-dipole element of the metasurface is with the
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FIGURE 4. Phase distribution of single-feed and single-focus reflective
metasurface: (a) y-direction polarization excitation; (b) x-direction
polarization excitation.
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FIGURE 5. Size topology of single-feed and single-focus reflective
metasurface: (a) y-direction polarization excitation; (b) x-direction
polarization excitation.
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FIGURE 6. Geometry of single-feed and single-focus reflective
metasurface in dual-polarization.

same width of 1 mm, and the lengths of y direction and x
direction branches of the cross-dipoles are listed in TABLE 1
in detail. The overall size of the designed metasurface is
390 mm x 390 mm and the thickness is 3 mm. The material
of the substrate is FABM-2(g; = 2.2).

Due to the dual-polarization independent regulation,
the focus positions can be flexible arrangement for different
polarization incident waves. It can be found from Fig. 7 that
when the polarization direction of the incident wave changes,
the position of the focus changes correspondingly, and the
independent regulation of the dual polarization focus can be
realized.

C. CASE2: SINGLE-FEED AND DUAL-FOCUS WITH
DUAL-POLARIZATION FOR DIFFERENT

POWER TRANSFER RATIO

This case is to design a new reflective metasurface for
a single-feed and dual-focus with dual-polarization for
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FIGURE 7. Full-wave simulation results of single-feed and single-focus
metasurface: (a) y-direction polarization excitation; (b) x-direction
polarization excitation.
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FIGURE 8. Single-feed and dual-focus metasurface in y-direction
polarization excitation: (a) phase distribution; (b) size topology.

different power transfer system. The feed is set at ry =
(0, 0, 0.2) m, vertically illuminates at 10 GHz. Two focuses
in the situation of y direction polarization are respectively
at rgy1 = (0.3,0, 1) m, rgp = (—0.3, 0, 1) m, the ratio of
the E-field amplitude of these two focuses is D1: Dy = 1:1.
The required phase distribution is expressed in (6) and shown
in Fig. 8(a). Fig. 8(b) shows the size topology in y-direction
polarization of the desired metasurface. At the same time, for
x-direction polarization, we change the amplitude ratio of D1:
D; to 1 : 1.2. The two focuses are set at ry3 = (0, 0.3, 1) m
and rg4 = (0, —0.3, 1) m, respectively. The final designed
geometry model is shown in Fig. 9, and the lengths of the
cross-dipoles of the metasurface are listed in TABLE 2 in
detail.

Agij(xi, i)
2
=ko |77 — 75| —arg{ > [Dmexp(—jko | 7 a, — 75 |)]
m=1

(6)

The simulation results with y-direction polarization exci-
tation are shown in Fig. 10(a). It can be seen that the
two focuses are located at predetermined positions, and the
E-field intensity distribution is almost uniform. It means that
the equal power distribution of the designed metasurface is
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TABLE 1. The dimension of the fabricated reflective metasurface in case 1 (unit: mm).
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L=390 mm

FIGURE 9. Geometry of single-feed, dual-focus reflective metasurface
with dual-polarization for different power transfer ratio.

well realized. Then let the feed horn rotate 90° around z
axis, which means the horn is rotated on the azimuth plane
and the incident angle is unchanged. Thus the incident wave
is changed as x-direction polarization, and the simulation
results are shown in Fig. 10(b). The two preset focus positions
are unchanged, and the E-field intensity distribution has
obvious strength change, which realizes the unequal power
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@ (b)

FIGURE 10. Full-wave simulation results of single-feed dual-focus
metasurface: (a) y-direction polarization excitation; (b) x-direction
polarization excitation.

distribution of dual-focus. The next step, let the feed
horn rotate 45° around z axis, which can excite the dual-
polarization incident waves simultaneously. The simulation
results show that the four focuses are achieved by using multi-
focus design and independent regulation of dual polarization,
as shown in Fig. 11. However, it is worth pointing out that
since the horn feed is not an ideal point source, so it is difficult
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TABLE 2. The dimension of the fabricated reflective metasurface in case 2 (unit: mm).

|
L
‘|
L

y 94 10.8 7.15 9.85 11.2 6.5 9.55 10.25 11.2 14.8 5.75 8.25 8.7 8.7 8.25 5.75 14.8 11.2 10.25 9.55 6.5 11.2 9.85 715 10.8 94

& ‘ 8.95 9.15 10.35 14.8 12 7.1 9.5 10.05 935 9.8 10.15 8.8 8.7 8.55 6.55 10.25 9.8 9.15 1045 | 9.55 6.55 109 2 10.35 9 9.9

.. 9.65 11.1 7.95 9.9 11.1 2 9.25 9.95 10.5 11.15 12.2 13.6 13.6 12.2 11.15 10.5 9.95 9.25 2 11.1 9.9 7.95 11.1 9.65 14.8

9 ‘ 9.8 113 7.95 2 9.3 10.1 10.8 10 10.45 11 9.75 9.7 9.65 93 11.25 | 1045 9.9 119 10.15 9.2 14.8 85 1135 9.7 10.4

10.05 14.1 9.25 10.35 | 14.65 8.75 9.8 10.45 11.5 14.8 2 595 595 2 14.8 11.5 10.45 9.8 8.75 14.65 | 10.35 | 9.25 14.1 10.05 75

j 10.2 14.8 9.25 8.65 9.85 10.7 13 10.55 11.5 14.7 10.25 10.2 10.2 9.9 14.8 11.5 104 2 10.75 9.8 6.15 9.4 14.8 10.1 11.05

104 2 9.65 10.85 2 94 10.2 111 14.8 58 835 8.75 8.75 835 58 14.8 111 10.2 94 2 10.85 9.65 2 104 8.85

10.6 2 9.65 935 10.15 11.6 2 11.3 14.8 3.55 10.8 10.7 10.65 10.3 6.8 14.8 11 7.9 1175 | 10.15 8.65 9.8 2.55 1045 | 12.15

8.7 10.25 14.8 935 10.35 | 13.35 8.15 9.55 10.05 10.5 1095 | 11.25 | 11.25 | 10.95 10.5 10.05 9.55 8.15 13.35 | 1035 935 14.8 10.25 8.7 1115

10.95 775 9.9 9.65 10.45 13.6 7.05 12.7 2 8.1 11.45 113 11.2 10.6 8.55 2 1.9 8.85 14.3 10.4 9.2 10 7.8 10.8 14.65

9 10.4 2 95 10.5 14.8 8.65 9.7 10.2 10.7 11.25 | 1175 | 1175 | 11.25 10.7 10.2 9.7 8.65 14.8 10.5 9.5 2 10.4 9 115

11.2 835 10 9.75 10.6 14.8 8.05 14.6 6 8.6 12.05 | 11.85 | 11.65 | 10.85 8.9 595 12.85 9.1 14.8 10.55 935 10.1 835 11 14.8

9 104 2 95 10.5 14.8 8.65 9.7 10.2 10.7 11.25 | 1L.75 | 1175 | 11.25 10.7 10.2 9.7 8.65 14.8 10.5 95 2 104 9 11.5

11.2 835 10 9.75 10.6 14.8 8.05 14.6 6 8.6 12.05 | 11.85 | 11.65 | 10.85 8.9 595 12.85 9.1 14.8 10.55 935 10.1 8.35 11 14.8
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FIGURE 11. Full-wave simulation results of E-field intensity distribution
of single-feed and dual-focus metasurface in dual-polarization.

to achieve ideal equality of two polarization components by
rotating the horn 45°, and the focal E-field intensity distribu-
tion is with certain differences.

IV. MEASUREMENTS OF NFF METASURFACE

A. NEAR-FIELD SCANNING MEASUREMENT

According to the full-wave simulation in the previous section,
the reflective metasurface with the same size and parameters
are actually fabricated. The broadband horn working
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at 2-18 GHz is set as a feeding source and placed at
rs = (0, 0, 0.2) m for vertical illumination. The experimental
system is shown in Fig. 12(a). The measurement was carried
out in a microwave anechoic chamber, and the designed NFF
reflective metasurface was measured by planar near-field
scanning. The scanning range is 1 m x 0.4 m, the distance
between the 10 GHz standard probe and the metasurface is
Im. This is consistent with the size of the designed metasur-
face in the full-wave simulation. The measurement system is
shown in Fig. 12(b). For the case of single-feed and single-
focus (corresponding to Section III Part B), the reflective
metasurface with the same parameters shown in Fig. 6 is
fabricated and measured. The dimension of each cross-dipole
element of the metasurface are listed in Table 1 in detail.
Through rotating the horn around z axis to obtain different
polarization excitations, we obtain the measurement results,
as shown in Fig. 13. Figs. 13(a) and (b) are the y-direction
polarization and x-direction polarization, respectively.
Comparing with Fig. 7, it can be seen that the measured
and simulated results are in good agreement, which further
verifies the effectiveness of the NFF design.
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(2) (b)
FIGURE 12. Measurement system of the designed reflective metasurface,

(a) prototype of single-feed and single-focus dual-polarization
metasurface, (b) near-field scanning measurement system.
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FIGURE 13. The normalized measurement results of reflective E-field
intensity distribution: (a) y-direction polarization excitation;
(b) x-direction polarization excitation.

The dual-focus focusing system can also be achieved by
changing the angle around z axis of the feed horn. If the
feed horn is rotated by 40° on the azimuth plane and the
incident angle unchanged, it will be decomposed into two
waves with different intensities but orthogonal polarization
directions incident to the metasurface. Keeping other param-
eters unchanged and rotating the horn 40°, we can get the
measurement results, as shown in Fig.14. It can be found
that the two focuses are produced and located at the preset
positions of 74y = (—0.3, 0, 1) m in x-polarization and rg, =
(0.3, 0, 1) m in y-polarization, respectively. Since the horn is
not an ideal point source and the block effect of the support
structure, the focus is not completely symmetrical in the
actual measurement. However, the position of the maximum
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FIGURE 14. The normalized measurement results of reflective E-field
intensity for single-feed and single-focus reflective metasurface
in 40° polarization excitation.
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FIGURE 15. The normalized measurement results of reflective E-field
intensity for single-feed and dual-focus metasurface: (a) equal power
distribution in y-direction polarization excitation; (b) unequal power
distribution in x-direction polarization excitation.

E-field intensity is consistent with the design, which verifies
the effectiveness of the reflective metasurface to realize NFF.

For the case of single-feed and dual-focus (corresponding
to Section III Part C), a reflective metasurface with the same
parameters shown in Fig. 9 is fabricated and measured, whose
dimension in detail is mentioned in Table 2. Fig. 15(a) shows
the measured E-field distribution with equal-power transfer
in the y-direction polarization excitation, while Fig. 15(b)
shows the measured E-field distribution with the unequal-
power transfer in the x-direction polarization excitation.
Comparing with Fig. 10, the measured and simulated results
are in good agreement.
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B. 10 GHZ NFF-WPT SYSTEM MEASUREMENT

This NFF-WPT system measurement is used to verify
the superiority of NFF. The transmission system is shown
in Fig. 12, and all the equipment and parameters are kept
the same as the near-field scanning measurement of case 1,
i.e., the single-feed and single-focus WPT system.

I

(a) (b)

FIGURE 16. The geometry of the proposed slot-coupling metasurface
antenna working at 10 GHz as the receiver of the WPT system
measurement: (a) top view of the 4x4 mushroom metasurface; (b) top
view of the microstrip-line aperture structure; (c) side view.

A slot-coupling metasurface antenna is designed and fab-
ricated to play the role of the receiver, as shown in Fig. 16.
It is composed of a three-layers structure: a 4 x 4 mush-
room metasurface structure is the top layer, the slot-coupling
ground is the second layer, and the bottom layer is a metal
microstrip feedline. The thickness of the upper layer substrate
is 1 = 1.5 mm, while the lower is 4 = 0.8 mm. Both the
two substrates are made of F4B material with permittivity
of 2.65. The size of the proposed metasurface antenna is
18 mm x 18 mm x 2.3 mm.The geometry of the designed
antenna is shown in Fig. 16 and the optimized dimensions
are shown in Table 3. The detailed design process can be seen
in [27]-[29]. The simulated and measured Sy and the proto-
type of the designed receiving antenna are shown in Fig. 17.

TABLE 3. Dimensions of the designed metasurface antenna (unit: mm).

P g w GL GW hy
3.2 0.2 3 18 18 1.5
Ls Ws Wm s hZ
15 1.82 1.85 15.8 0.8

In order to detect the receiving power, we connect the
receiving antenna with a power senor (RS-NRP18S) as a
load. The position of the receiving antenna is set at the preset
focus position, i.e. r; = (0.3, 0, 1) m. The power received
by the metasurface antenna can be detected by the power
sensor. It is worth mentioning that the receiver is smaller than
2 cm in size, thus it can be completely situated within the
core region of the focusing aperture with the highest power
density, which is helpful to verify the actual performance of
NFF transmission.

As a reference for comparing NFF transfer performance,
we define the non-NFF transfer as follows. Keeping the
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FIGURE 17. Measured and simulated reflection coefficient, the prototype
of the proposed metasurface antenna, and the proposed antenna
connected with a RS-NRP18S power sensor.

transmitting power and working frequency consistent with
the NFF transfer, the same feed horn points directly at the
receiving antenna position, where the preset focus is in NFF
transfer case. Since the transmission distance and the receiv-
ing antenna are identical, the focusing transfer performance
of NFF can be verified by comparing the wireless power
obtained by the receiving antenna. The measured results are
shown in Table 4, and it can be found that the receiving
power using NFF is 15 dB higher than that using non-
NFF transmission at the same distance. After several tests
with or without the power amplifier (425 dB), a stable ver-
ification result can be obtained. Therefore, combined with
the previous near-field scanning measurement, the superior-
ity and high-efficiency of NFF transfer system realized by
reflective metasurface for WPT is verified.

TABLE 4. The receiving power by the metasurface antenna of NFF
transfer and NON-NFF transfer.

NFF Non-NFF
P;,=-2 dBm -18~-20 dBm -35dBm
P;,,=-2 dBm+PA (25 dB) 5dBm -10 dBm

V. ANALYSIS OF NFF REFLECTIVE

METASURFACE CHARACTERISTICS

A. COMPARISION BETWEEN NFF REFLECTIVE
METASURFACE AND TRADITIONAL

DIRECTIONAL-BEAM REFLECTARRAY

The NFF reflective metasurface proposed in this paper is
different from the traditional directional-beam reflectarray.
The NFF is designed for focusing in the near-field region
(including Fresnel region), while the traditional directional-
beam reflectarray is designed for radiation in far-field region.
In order to further analyze the characteristic difference
between the former and the latter, the far-field radiation
patterns of two cases are simulated respectively. As shown
in Fig. 18, the NFF reflective metasurface in the far field has
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FIGURE 18. The far-field radiation characteristics: (a) NFF reflective
metasurface; (b) traditional directional-beam reflectarray.

(a) (b)

FIGURE 19. E-field intensity distribution of the reference plane in the
near-field: (a) NFF reflective metasurface; (b) traditional directional-beam
reflectarray.

the wider main beam and the beam pointing is in the same
direction as the focus position. In the far-field, the directional-
beam reflectarray has the narrower main beam and E-field
intensity distribution is more concentrated.

Then, the characteristics of beam-concentrating of two
cases are analyzed and compared in the near-field region,
as shown in Fig. 19. The focus of the NFF metasurface is set
atryg = (0, 0, 1) m, while the main beam direction is set along
the vector (6,, ¢r) = (OO, OO). And thus we set the obser-
vational plane as the 1 meter away from them. In this case,
the distance of 1 m is within the near-field region. Through
full-wave simulation, the E-field intensity distribution of the
reference plane can be observed in Fig. 19. Obviously it can
be found that the E-field intensity distribution of the NFF
reflective metasurface is more prominent for power conver-
gence. The area of the focusing aperture of the NFF reflective
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FIGURE 20. Schematic diagram of NFF transfer efficiency calculation.

metasurface is smaller than that of the traditional directional-
beam reflectarray. This also illustrates the characteristics of
NFF transfer, and the beam is concentrated in the near-field
region, and then relatively diverge to the far-field region.

B. NFF TRANSFER EFFICIENCY ANALYSIS

This part is mainly to discuss the transfer efficiency of the
NFF reflective metasurface. NFF transfer efficiency 1 can
be determined by the ratio of P; (the power of the focus
aperture captures on the reference plane) and Py (the power of
the metasurface aperture captures from the feed). As shown
in Fig. 20, S4 and S, are respectively the area of the focusing
aperture on the observational plane in the near-field region
and the physical aperture of NFF reflective metasurface.
Py and P, can be calculated by using numerical integra-
tion based on Poynting theorem. Wireless power transmitted
from the feed illuminates on the reflective metasurface. The
Poynting vector integration is performed on the aperture of
the metasurface, and the power captured by the metasurface
aperture, the P, can be calculated according to the formula
shown in Fig. 20. After the regulation and reflection of
the metasurface, the wireless power in the form of focused
beam illuminates on the focusing aperture, and P4 could be
obtained by the Poynting vector integration on the focusing
aperture, in the same manner.

By means of full-wave simulation, the NFF transfer effi-
ciency curve is obtained and shown in Fig. 21. The four curves
shown in Fig. 21 are respectively: 1) MTS indicates the power
capture efficiency of the metasurface, which is defined as the
ratio of the power of the NFF metasurface aperture captures
power from the horn; 2) 1TIRI1P indicates the NFF transfer
efficiency of the case that single-feed and single-focus in
single polarization excitation; 3)IT2R1P indicates the NFF
transfer efficiency of the case that single-feed and dual-focus
in single polarization excitation; 4)1 T1R2P indicates the NFF
transfer efficiency of the case that single-feed and single-
focus in dual polarization excitation. Wherein for 3) and 4),
the entire NFF transfer efficiency is the sum of the efficiency
of each focus.
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FIGURE 21. Full-wave simulation results of NFF transfer efficiency varying
with frequency: MTS: the power capture efficiency of the metasurface;
1T1R1P: the NFF transfer efficiency of single-feed and single-focus in
single polarization excitation; 1T2R1P: the NFF transfer efficiency of
single-feed and dual-focus in single polarization excitation; 1T1R2P: the
NFF transfer efficiency of single-feed and single-focus in dual
polarization excitation.

It can be found from Fig. 21 that the case of 1T1RIP
is with the maximum efficiency at the operating frequency
10 GHz, 71.6%. The relative bandwidth with 50% NFF
transfer efficiency is 13%, from 9.2 GHz to 10.5 GHz. The
curves of 1T2R1P and 1TIR2P are with the similar trends.
Compared with the case of single-focus, the maximum effi-
ciency of these two cases has a small range of decline. It is
because the decomposition of the polarization component and
the design of the multi-beam will introduce a certain beam
dispersion, so that the total power on the focusing aperture
decreases. For the case of 1T2R1P, the relative bandwidth
is 13%, from 9.4 GHz to 10.7 GHz, and the maximum effi-
ciency is 68.3%; while for the case of 1T1R2P, the relative
bandwidth is about 12%, from 9.2 GHz to 10.4 GHz, and
the maximum efficiency is 65.9%. For the WPT system,
the performance of the relative bandwidth with 50% NFF
transfer efficiency of all the cases above are guaranteed.

C. NFF TRANSFER PERFORMANCE ANALYSIS

In theory, within the near-field region of the transmitting
antenna (range R < 2D? /A), high efficient NFF transfer is
available. But in fact, microwave is difficult to maintain the
propagation characteristics as ideal light wave. No matter
what kind of antenna, such as microstrip phased arrays, or
reflective metarsurface, can not completely converge elec-
tromagnetic waves to some certain ideal points in space.
The resulting phenomenon deserves attention: a) When the
transmitting antenna aperture remains the same and the NFF
transfer distance increases, although the focus is still in the
near-field region, the focusing ability of the beam is declin-
ing. In other words, NFF cannot guarantee the efficient power
transfer of the same transmitting aperture in the whole near-
field region. b) The E-field intensity at the center of focus-
ing aperture is generally not the point with the maximum
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E-field intensity in the radial direction of the transmission
path, which is also be demonstrated in [5], [22].

Set the feed horn at rr = (0,0,0.2)m and give the
y-direction polarization excitation, and set the focus with dif-
ferent focusing distance. The preset focus are respectively at
rq1 = (0.3,0,0.5)m, rgyo = (0.3,0, 1)m, r43 = (0.3,0,2) m
and rz2 = (0.3,0,5)m, which means that the focusing
distance in the radial direction is respectively 0.5 m, I m, 2 m,
5 m. A single-feed, single-focus NFF reflective metasurface
with the size of 390 mm x 390 mm(13A x 131) working at
10GHz is designed.

400
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S ]
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FIGURE 22. The full-wave simulation results of the E-field intensity

distribution of different preset focusing distance and the curves of the
E-field intensity varying with distance in the radial direction.

The full-wave simulation results of the E-field intensity
distribution of the above four cases and the curves of the
E-field intensity varying with distance in the radial direction
are shown in Fig. 22. When the focus is set at 0.5m in the
radial direction, the maximum E-field intensity occured at
0.4 m, and for the cases of 1 m, 2 m and 5 m, the maximum
E-field intensity occurred respectively at 0.7 m, 0.8 m and
1.1 m. It can be found that in the case that the preset focus-
ing distance is set as 5 m (167A), the focusing beam may
diverge before reaching the preset focusing aperture. This
indicates that there is a constraint relationship between the
NFF performance and the electrical size of the transmitting
aperture.The longer the preset focusing distance is, the larger
the difference between the E-field intensity at the center of
the focusing aperture and the maximum E-field intensity in
the radial direction, the weaker the convergence ability of the
beam. When the preset focusing distance is too long, even if
the focus is still within the near-field region, the beam will
also diverge, making it difficult to realize ideal NFF transfer.

Fig. 23 gives the E-field intensity distribution of the focus-
ing plane when the preset focus of the reflective metasurface
is respectively at ry1 = (0.3,0,0.5)m, rz» = (0.3,0, )m
and rgy3 = (0.3, 0, 2) m. It is not hard to find that, the closer
the focus is to the reflective metasurface, the narrower focus
beam is gotten, the smaller size of focusing aperture is gotten,
and the larger E-field intensity at the center of the focusing
aperture is also gotten.
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FIGURE 23. E-field intensity distribution of the focusing plane for cases
that the focus is set at: (a) ry; = (0.3, 0, 0.5) m; (b) rgy = (0.3,0, 1) m;
(c) rg3 =(0.3,0,2) m.

However, it is worth noting that the concentrated dis-
tribution of E-field intensity on the focusing plane is not
equivalent to the high NFF transfer efficiency of the main
beam on the focusing plane. Integrating the Poynting vector
on the focusing aperture and calculating the NFF transfer
efficiency for the above cases, the results of 0.5 m, 1 m and
2 m are respectively 67.1%, 71.6% and 63.3%. The case
of 1m(33.31) has the maximum NFF transfer efficiency, and
the beam is also relatively concentrated. When the focus is set
at 0.5 m(16.71), it is too close to the reflective metasurface.
It will result in a strong coupling field above the aperture of
the reflective metasurface, and form strong side lobes in other
directions, thus reducing the NFF transfer efficiency. It does
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not mean that the closer the preset focus distance is away
from the reflective metasurface, the higher the NFF transfer
efficiency of the focusing beam will be.

VI. CONCLUSION

This paper presents a new design of NFF reflective meta-
surface which can realize multi-focus and high-efficiency
power transfer. Thanks to the dual-polarization indepen-
dent regulation and the synthetical phase regulation of the
designed metasurface, multi-focus beams with independent
unequal power distribution can be realized in the near-field
region.The single-feed, single-focus and single-feed, dual-
focus metasurfaces working at 10 GHz are farbricated and
measured by planar near-field scanning. To form a WPT
system, A slot-coupling metasurface antenna is also designed
as the power receiver. The experiment results show that for the
same receiver and the same transfer condition, the receiving
power of the NFF transfer realized by the proposed reflective
metasurface is 15 dB higher than non-NFF transfer. The max-
imum NFF focusing efficiency can reach 71.6%. It verifies
the effectiveness of the NFF reflective metasurface for WPT
system. Through further analysis, it is found that NFF beam
has higher beam convergence performance than the tradi-
tional high-gain beam in the near-field region. Choosing the
appropriate ratio between the electrical size of the reflective
metasurface and the focusing distance can ensure the optimal
focusing performance.
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