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Design of Cylindrical Holographic Impedance Metasurface
for Near-Field Focusing

Heng Wang, Shixing Yu, and Na Kou"

Abstract—In this paper, a design method for near-field focusing cylindrical holographic impedance
metasurfaces is proposed. Firstly, based on the design theory of planar holographic impedance
metasurface, we deduce the design formula for cylindrical holographic impedance metasurface by using
the method of major axis matching. Then the feasibility of theoretical analysis is verified by simulation
and measurement. The results show that the design method can effectively realize the near-field focusing,
which can provide a reference for the application of conformal devices for microwave hyperthermia and
energy harvesting.

1. INTRODUCTION

The near-field focusing antenna can focus the electromagnetic wave energy to a specified position in
the near-field area of the antenna [1]. The principle is to adjust the phase of each array element on
the antenna aperture to realize the in-phase superposition of the energy at a certain point or multiple
points, thus achieving the focusing effect in the near-field area [2]. Near-field focusing antennas are
widely used in biomedical microwave hyperthermia [3], industrial microwave imaging technology [4],
and energy harvesting [5].

At present, there are many methods to realize near-field focusing. The most traditional near-field
focusing antenna is the lens-focused antenna based on geometric optics [6]. It is the most direct way to
achieve near-field focusing, but it is bulky, and the manufacturing cost and difficulty are high. Fresnel
zone plate is an improved method of a dielectric lens antenna that filters out electromagnetic waves of
the desired phase through annular metal strips [7]. Compared with the traditional dielectric lens, it has
the advantages of simple structure, low cost, low profile, and light weight, but the efficiency is lower
than that of the traditional lens, and some unnecessary electromagnetic waves will be reflected. The
focusing principle of transmitarray and reflectarray is the same as that of dielectric lens antenna [8, 9].
They both modulate the wavefront phase and focus the energy to the required focus, which can achieve
focusing more effectively. However, they all have the defects of large mass, high profile, and high cost.
Phased array antenna is considered as an ideal choice to realize near-field focusing because of their
very flexible control of energy distribution [10]. However, the feed network of phased array antenna is
complex which limits its wide application in practice.

The discovery of metamaterials provides a new way for electromagnetic wave regulation [11]. In
particular, two-dimensional metasurface can be used to modulate the phase, amplitude, and polarization
of electromagnetic waves [12]. In addition, it has the advantages of light weight, simple structure,
and low profile. There are three main types of metasurfaces, reflective metasurfaces [13], transmitted
metasurfaces [14], and holographic metasurfaces [15]. Compared with reflective metasurfaces and
transmitted metasurfaces, holographic metasurfaces have a lower profile and are easier to integrate.
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Holographic metasurface can control the propagation and radiation of metasurface waves by changing
the sizes of metasurface units to form effective impedance distribution [16]. However, the above-
mentioned near-field focusing antennas are usually in planar form. For medical microwave hyperthermia,
the mismatch between the antenna and the shape of the medical device will bring inconveniences.
Considering that the feed source is in the same plane as the holographic metasurface, it can be well
conformed to the required device to achieve near-field focusing. In this paper, a cylindrical holographic
impedance metasurface that can generate near-field focusing is proposed. A monopole feed is integrated
with the holographic impedance metasurface on the same surface, and multiple focusing points can be
generated. The architecture of the paper is organized as follows. In Section 2, we present the design
formula and method of the cylindrical holographic impedance metasurface. In Section 3, we verify
the feasibility of the design proposed in Section 2 through simulation and experimental measurements.
Section 4 is the conclusion of this paper.

2. FOCUSING PRINCIPLE BASED ON HOLOGRAPHIC THEORY

The structure of the metasurface element designed in this paper is shown in Fig. 1(a). The top layer is
a split circular patch, and the bottom layer is ground plane. The radius of the circular patch is r, and
the width of the slot is g = 0.1 mm. The angle between direction of the slot and the positive direction
of the X-axis is 6, and the element period is P = 3mm. Furthermore, in order to bend the designed
metasurface well, we use a relatively soft Wangling F4b support substrate with thickness h of 0.5 mm,
relative permittivity e, of 2.65, and loss angle tan é of 0.003.
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Figure 1. (a) Geometry diagram of the metasurface element. (b) The mapping relationship between
the equivalent scalar impedance Zjy and the radius r of the metasurface element.

We used an eigen-solving method to solve the equivalent scalar impedance of the metasurface
element with different r and 6;. Using the eigenmode solver, the surface wave propagation direction
0y and the characteristic frequency f can be solved. Next, by selecting three different surface wave
propagation directions 0y, the equivalent scalar impedance Zy in different surface wave propagation

directions 6y can be solved by:
2
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where ¢, and ¢, are phase delays along the X-axis and Y-axis, respectively. 1o is the free space
wave impedance, and c is the speed of light. Then, by substituting the equivalent scalar impedance
Zy corresponding to different 67 into the following formula, a set of nonlinear equations about tensor
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components (Zyy, Zyy, Zyy) can be obtained.
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Finally, we solved the nonlinear equations to obtain the effect of different surface wave propagation
angles 67 on the equivalent scalar impedance Zy, as shown in Fig. 2(a).
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Figure 2. (a) The effect of different surface wave propagation angle #y on the equivalent scalar
impedance Zj. (b) Schematic diagram of a metasurface antenna for near-field focusing.

The relationship between the equivalent scalar impedance Zy of anisotropic metasurface element
and the angle 0 is elliptical. The value of the major axis is almost unchanged with the change of 6;, and
the angle 6. max of the major axis is approximately equal to #;. Therefore, we ignored the effect of 6,
on the equivalent scalar impedance of the metasurface element and adopted a simple matching method
in which the radius r of the metasurface element corresponds to the major axis of the equivalent scalar
impedance Zy. The relationship between the radius r of the metasurface unit and the major axis of the
equivalent scalar impedance Zj is shown in Fig. 1(b), and their relationship can be expressed as follows:

Zo =133 x r" — 480 x 70 + 541 x 1% + 2 x r* — 443 x 3 4+ 354 x r2 — 110 x r + 105 (3)

The schematic diagram of the metasurface antenna to achieve near-field focusing is shown in
Fig. 2(b). Based on the holographic theory [17], the tensor impedance of the metasurface at each
position can be deduced inversely through the preset radiation wave and the excitation wave on the
metasurface antenna. The position distribution of the tensor impedance component (Zgz, Zgy, Zyy) is
calculated as follows (Z,, = Z,, according to the reciprocity theorem):

Z =
j ( Z:’ﬂE Zyy
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y ( m ) + i Tm (Bpre ® T2, = Jor © B2 (4)
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where X, is the average impedance, and M is the modulation depth. The near-field of metasurface
antenna with multiple focal points at different positions can be expressed as follows:

Fi—7) (5)
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The metasurface is excited by the monopole antenna, and the surface current on the metasurface
can be expressed as:
(z,9,0)

|Tpmn|

Jsu’r =

exp (—ﬂ;t : ’Fpmn) (6)

Substituting Egs. (5) and (6) into Eq. (4) yields an expression for the tensor impedance component
(Z:L‘:l‘a ny: Zyy):
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where ko is the propagation constant in vacuum. The surface wave propagation constant k;, ,mn, and
7 can be expressed as:

-
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3. METASURFACE DESIGN AND EXPERIMENTS

In order to verify the near-field focusing performances, we designed and fabricated a metasurface antenna
prototype which is capable of generating double focusing points at f = 24.125 GHz. The positions of
the two focusing points are F; (0.03, 0, 0.2m) and F5 (—0.03, 0, 0.2m). The calculated holograms of
radius  and angle 6; in the metasurface element are shown in Fig. 3(a) and Fig. 3(b).

Figure 3. Distributions of (a) r and (b) 6, for generating near-field focusing by the cylindrical
metasurface antenna, (c) side and (d) front faces of the designed cylindrical metasurface antenna.

The fabricated metasurface antenna is composed of 71 x 71 elements with dimension of 213 mm X
213 mm in planar form, and the size of conformal cylindrical form is 176 mm x 213 mm with bending
angle of 120°, as shown in Fig. 3(c) and Fig. 3(d). In order to prevent the metasurface units from
being oxidized, the surface process adopts tin precipitation operation. We also use the 3-D printing
technology and polylactic acid (PLA) material to print the required cylindrical bracket. In order to
make the metasurface antenna fit on the cylindrical surface well, location holes are punched at both
ends of its bending direction (X-axis direction). Nylon screws are used to connect these holes with the
fabricated metasurface. Finally, a SubMiniature Version A (SMA) connector with a probe radius of
0.32 mm was welded to the back of the metasurface antenna. The monopole feed is made by the probe
protruded 3.1 mm (quarter wavelengths at operating frequency) from a hole with a radius of 1.5 mm at
the center of the metasurface antenna.



Progress In Electromagnetics Research Letters, Vol. 106, 2022 133

0— ;
EWRA2.probe Metasurface -5¢ }‘\ bias ,
withisadome antenna Aob-DN LY E.f..‘__'_s_‘_“_’_“_'.,f
= : =)
= I SMA feed . = -15
- b 420
25} S
B TR T T YR T TR
Frequency(Ghz)
(a) (b)

Figure 4. (a) Measurement system configuration. (b) Simulated and measured reflection coefficients
of the designed cylindrical metasurface antenna.
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Figure 5. Simulated and measured horizontally polarized E-field distributions at 24.125 GHz.

We measured the horizontal E-field component at the operating frequency f = 24.125 GHz by the
near-field planar scanning technique, as shown in Fig. 4(a). Fig. 4(b) shows the comparison of the
reflection coefficients of the designed metasurface antennas between simulation and measurement. It
shows that the two results agree well with each other, and the frequency range where the reflection
coefficient is below —15dB is from 20.5 GHz to 27.5 GHz with the relative bandwidth being 29 %. The
horizontally polarized E-field distribution on the scanning plane with size of 0.1 x 0.1m? (41 x 41
sampling points) was measured at the distance of 0.2m from the metasurface antenna, as shown in
Fig. 5(b). The simulated E-field distribution is shown in Fig. 5(a) for comparison. We can observe
that two focusing points can be clearly recognized at the designed positions. However, the measured
focusing area is a little larger than the simulated one. This can be attributed to the following reasons:
first, the accuracy of 3-D printing is relatively large, leading to errors in the bending angle. Second,
the phase error of the surface wave propagation on the metasurface appears when the SMA’s probe is
not in the center of the metasurface due to the manual welding process. Finally, there are noise and
reflections in the measured environment.

4. CONCLUSION

Holographic metasurface can be regulated according to the feed radiation field to obtain the required
radiation field. Compared with the traditional antenna structure, it has the advantages of low profile,
simple feeding structure, low cost, easy processing, and is conformal. It is expected to replace the
traditional phased array antenna, avoiding complex electronic control network and achieving near-field
focusing. In this paper, a cylindrical holographic impedance metasurface that can realize near-field
focusing is proposed based on theoretical analysis and formula derivation. Simulation and measurement
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both show that the designed metasurface antenna can effectively generate focusing points in the near-
field area. In addition, conformal designs can satisfy some non-planar requirements.
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