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ABSTRACT: The curvature effects of curved metasurface (MTS) lead to oblique incidence and different unit radiation normal vectors
(DURNVs). Oblique incidence causes a reduction in scattering amplitude and degrades focusing efficiency (FE), and DURNYV distorts
the radiation pattern of curved MTSs. To the knowledge of the authors, for the first time, this paper proposes a phase amplitude modulation
and phase modulation (PAM-PM) combined modulation technique for cylindrical MTS to generate a high signal-to-noise ratio (SNR) and
high FE three-dimensional (3D) shaped near field with a spiral cross-sectional shape. In addition, a near field with controllable spatial
positions is a practical application requirement, and this paper provides a method to establish a 3D-shaped near field with controlled spatial
positions. The proposed cylindrical MTS with PAM-PM modulation technique outperforms the PM technique significantly, achieving an
SNR above 13 dB and an FE of 38.1%. For cylindrical MTS with only PM, there exists some noise, and the FE is 33.2%. This proposed
modulation technique can be applied to 3D near-field systems based on conformal MTS, including wireless power transfer, radiometric
temperature sensors for hyperthermia, and medical imaging systems.

1. INTRODUCTION

Point focus (FE) electric field and 2D focusing fields with
controlled sizes and shapes are developed in the Fres-
nel region for wireless power transfer, radiometric tempera-
ture sensor for hyperthermia, and medical imaging systems,
biomedicine, nondestructive testing, industrial heating, and
biomedical imaging [1-7]. However, practical applications
need 3D-shaped near field with the required size, shape, and
spatial position because a 3D high-intensity focused field cov-
ering the target area can shorten the scanning time and obtain a
high-resolution image for medical imaging, precise energy con-
centration in the target area without damaging the healthy tis-
sues, effective near-field communication, multi-user wireless
energy transfer, and highly efficient industrial heating. Cur-
rently, there are few reports on 3D-shaped near-field construc-
tion. An algorithm for designing a 3D pulsed caustic (acceler-
ating) beam with helical trajectory is developed [8]. MTSs en-
able the manipulation of amplitude, phase, and polarization of
electromagnetic fields. Various MTS devices have been studied
with novel functionalities, such as holography [9] and negative
refractive index [10]. MTS is also used in generating a 3D-
shaped near field. A 3D caustic beam with helical trajectory is
constructed by Huygens’ MTS [11]. An arbitrary cross-section-
shaped 3D near field is obtained in [12]. However, the above
3D field is produced by planar MTSs with PM. In addition, the
start position of the 3D shaped near field is in z = 0 plane
and is not located in an arbitrary z coordinate spatial position.
Conformal MTSs are widely used in missiles, unmanned aerial
vehicles, and high-speed vehicles, and are candidates for com-
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munication systems and multifunction radars due to wide-angle
beam-scanning capabilities [13, 14].

This paper has the following advantages: (1) Proposing
a PAM-PM combined modulation strategy for the conformal
MTS, which generates a 3D field with high SNR and FE. (2)
Providing a method for generating the 3D shaped near field with
an arbitrary cross-section shape and a controllable z coordinate
spatial position from z; to z5. The paper is organized as fol-
lows. Section 2 is the design principle, and Section 3 provides
the conformal MTS design. Simulated and measured results are
in Section 4, and Section 5 is the conclusion.

2. DESIGN PRINCIPLE

2.1. Bessel Beam Theory

Figure 1 illustrates the conceptual framework for generating
Bessel beams by an MTS. The physical parameters D, o, and
Zmax are the MTS aperture size, convergence angle, and 3-
dB non-diffracting distance of the Bessel beam, respectively.

FIGURE 1. Schematic illustration of generating Bessel beams using a
MTS.
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In this paper, the parameters « and Z,x are set to 50° and
170 mm, respectively.

In cylindrical coordinates, the radial differential equation of
the electric field is as follows [15].

E (p,z,t) =exp (i (k.z — wt)) Jo (krp) )

where Jj is the zeroth-order Bessel function; &, and k, are the
longitudinal and transverse wave vectors, respectively, while
k and A denote the wave number and operating wavelength,
respectively. The relationship between k, and k, is as fol-
lows [16].

2
kr:%sina:\/kz—kg Q)
The relationship among «, D, and Z,,,4 is as follows:
D
Dnaxy = ———
ma 2tan « )

Theoretically, Zmax < 2D?/\, and “2D?/X” is the radius of the
near-field region. Then, the convergence angle « should satisfy
the following condition:

A .
— <sina <1
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2.2. 3D Shaped Near-Field Construction by Bessel Beam Array

Four steps for constructing a 3D-shaped field with an arbitrary
cross section and z coordinate spatial position (from z; to 22)
are as follows. First, the two-dimensional (2D) cross-section
geometry shape (in the zoy plane at z = z7) of the designed 3D
shaped near-field is drawn using a drawing software. Second,
the coordinates of the discrete points (z}, y;, z1) in the 2D cross-
sectional geometry shape are extracted by the Matlab function
“find”. The coordinates of these discrete points are represented
by a single-column matrix equation.

T .
_ / / / / /
{ X = {xl,xZ,a:S,x4 . ..a:N} for z coordinates

Y ={y .4y yﬁv}T for y coordinates

®)
where N is the discrete point number. Third, a diffraction-
free Bessel beam array is generated by considering each dis-
crete point (z, y., z1) as the center of each Bessel beam el-
ement. Each Bessel beam element is obtained by setting the

Bessel beam element radius p = \/(x —x0)? 4 (y— y;)2 in

(1), where (z, y) is the coordinates in the zoy plane at z = z;.
Fourth, to generate a beautifully shaped field pattern, the radius
p is optimized under the condition poptimizeq <10, which is ob-
tained according to the maximum SNR. According to the above
four steps, an arbitrary cross-section-shaped 3D near field can
be constructed using a Matlab program.
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2.3. PAM-PM Technique

There are three types of wavefront manipulation techniques
for MTS: PM, amplitude modulation, and PAM. (1) Compared
with single PM or amplitude modulation (AM), PAM can sig-
nificantly improve modulation resolution and SNR [17, 18]. (2)
High amplitude efficiency is a key pursuit in relevant research;
yet its realization is mainly limited by the traditional normal
incidence assumption for all unit cells [19]. (3) The curvature
effects of curved MTS mainly include two aspects: (i) Oblique
incidence (especially 8 > 40°) causes scattering amplitude re-
duction and nonlinear phase effects, leading to degraded fo-
cusing efficiency (FE) and incomplete 360° phase coverage
[19]; slight bending (f < 40°) shows almost the same phase
range and loss as flat surfaces [20]. (ii) Local radiation angles
skew toward the local normal vector, generating distorted radia-
tion patterns and noise, while traditional PM further introduces
noise due to the lack of amplitude regulation [21].

According to the above reference research findings, a PAM-
PM combined modulation strategy is proposed to improve SNR
and FE as follows: (1) PM with uniform amplitude is used for
incidence angle § < 40° for high efficiency. (2) PAM is used
for & > 40° by considering the oblique incidence effect in-
duced by the MTS curvature effects for improving modulation
resolution and SNR.

2.4. MTS Phase and Amplitude Distributions by Phase Conju-
gation (PC) Technique

The 3D-shaped configuration formed by a Bessel beam array
through a Matlab program is imported into electromagnetic
(EM) simulation software (such as Computer Simulation Tech-
nology (CST)). Then, the phase and amplitude distributions
in the designed MTS are obtained through the PC technique.
There are seven steps to design the MTS based on PC technique.
Step 1. The established 3D-shaped Bessel beam array by the
Matlab program is imported into the CST software, which acts
as a test 3D-shaped E-field in CST. Step 2. Set up a record-
ing plane with the same shape, dimensions, and position as the
designed MTS in CST. Step 3. Divide the recording plane into
meshes, which have the same size as the unit cells. Step 4.
Record the test F-fields at the mesh positions. Step 5. The
recorded test E-field at each mesh is operated PC. Step 6. The
phase and amplitude distribution maps are obtained according
to the phase conjugate electric fields. Step 7. The cylindrical
conformal MTS is designed according to the phase and ampli-
tude distributions and the proposed PAM-PA modulation strat-
egy. The designed MTS is excited by a horn and generates a
3D-shaped E-field, which has the same shape and position as
the test field.

3. MTS DESIGN

3.1. Unit Cell Design

The proposed unit cell in Fig. 2 is used to form the MTS,
which consists of four metal layers separated by an FR4 sub-
strate with permittivity 4.3 and thickness 0.04 mm. The 3D
schematic view, two middle metal layers, and top (or bottom)
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FIGURE 2. The proposed unit structure. (a) 3D schematic view. (b) Middle metal layer. (c) Top (or bottom) metal layer.
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FIGURE 3. The proposed unit and its corresponding mirrored counterpart.

1.0
(@ 10} ) 3200
v 4200
g . 08} -
i 00 2 < 100 8
£ 0.6 12 Fos =
5 g E o 2
S 04 {10 £ = 04p 2
=02k = = e
7 ! =65 1-100 702 1-100
ot .+i.= 95 A A A 200
2 A - 0 L M M M A e
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 gp 100 =
ﬂ (deg) { (mm) 1 (mm)

FIGURE 4. The curves of the proposed unit and its mirror part under y-polarized normal incidence at 12 GHz: (a) Transmission amplitude vs /3 for
different [ values for the unit and its mirror part; Transmission amplitude (or phase) vs I: for 8 = 0° (b), for 8 = 45° (c).

metal layer are shown in Figs. 2(a)-2(c), respectively. The top
and bottom metal layers are two mutually orthogonal narrow
rectangular stripes with the same size and are responsible for

y- and z-polarization selections, respectively. The “®_like
shaped two middle metal layers act as polarization conversion

and PAM. The “®”like shaped metal patch is a composite

structure of “L” and ., which is a square patch with four
isosceles triangles cut from the four vertices. The geometry
parameters marked in Fig. 3 are as follows: P = 5.85 mm,
Ry = 2.868mm, Ry = 2.363mm, H; = 2.565mm, Hy =
1.665mm, W = 0.315mm, W; = 1.35mm, S; = 0.36 mm,
So = 0.18 mm, S3 = 0.495mm, 7" = 0.18 mm. The parame-
ters [ and B marked in Fig. 2(b) control the phase and amplitude,
respectively. The 360° phase covering is achieved by both the
unit and its mirror part (as in Fig. 3). The scattering parame-
ter .S11 amplitude of the proposed unit cell is simulated by the
software CST Studio Suite 2023 Floquet ports in the frequency
domain as illustrated in Fig. 2(a) under z-polarized normal in-
cidence from the bottom. The two middle metal layers convert
the x-polarization to y-polarization. The amplitude and phase
of S11 can be obtained from the CST simulation curve of S
vs control geometry parameter (5 or [).

For amplitude modulation, Fig. 4(a) is the curve of scattering
amplitude vs 3 at 12 GHz for the proposed unit and its mirror
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part. The curves for the proposed unit and its mirror part over-
lap, which indicates that the scattering amplitude is adjusted by
B for both the unit and its mirror part. When [ varies from
90° to 0°, the transmission amplitude varies from O to 1. The
curves in Fig. 4(a) overlap for different | = 7mm, 30 mm,
65 mm, 95 mm, which indicates that different [ values do not
affect the curve of scattering amplitude vs 5. For phase mod-
ulation, Figs. 4(b) and 4(c) are the curves of scattering ampli-
tude (or phase) vs geometry parameter [ for 5 = 0 and 45°,
respectively. The following information is obtained: (1) The
curve in blue is for the proposed unit. When [ increases from
0.315 mm to 4.275 mm, the phase for the proposed unit linearly
increases from —72° to 101° and a 180° phase range is covered.
The curve in red is for the mirror part. When [ increases from
0.5 mm to 4.3 mm, the phase increases linearly from —178° to
—78° and from 106° to 176°, and a 180° phase range is cov-
ered. The phase curves for the proposed unit and its mirror part
are parallel to each other, have a 180° phase difference (black
line), and a linear phase shift covering 360° is achieved by the
unit and its mirror part. (2) The transmission amplitudes for the
proposed unit and its mirror part are close to 1. The curves in
Fig. 4 overlap for different [ values [ = 7 mm, 30 mm, 65 mm,
95 mm or 5 = 0°, 45°, which indicates that the amplitude and
phase can be independently controlled by /3 and [, respectively.
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FIGURE 5. Schematic diagram of spiral-shaped 3D near-fields by: the planar MTS (a), and cylindrical conformal MTS (b).
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FIGURE 6. Compensated phase distributions for the planar MTS and the cylindrical conformal MTS located in z = 0 at 12 GHz: (a) for ®4, (b) for
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FIGURE 7. The cross section of the 3D shaped E-field at 12 GHz: in zoy plane at z = 110 mm generated by Matlab (a), Normalized E-density

distribution in the cylindrical conformal MTS by PC technique (b).

3.2. MTS Design

To confirm the PAM-PM combined design strategy for the con-
formal MTS with high SNR and FE, four transmission MTSs
with the same size of 351 mmx351 mm (14.04X x 14.04),
A wavelength) formed by 60 x 60 unit cells are researched
and compared at 12 GHz: cylindrical conformal MTS-1 with
PAM-PM technique (PAM in area A, PM in area B, marked in
Fig. 5), planar MTS-2 (PAM in area-A, PM in area-B), cylin-
drical conformal MTS-3 with PM, and the planar MTS-4 with
PM. The curvature radius of the cylindrical conformal MTS
is r = 350mm. Fig. 5 illustrates a schematic diagram of
the spiral-shaped 3D propagation near fields with spiral-shaped
cross section (in zoy plane) and linear propagation trajectory (in
z coordinate axis direction) generated by the planar or cylindri-
cal conformal phase-gradient MTSs. The axis of the cylindrical
conformal MTS with radius r is along the x-axis. The MTSs
are excited by a horn whose 3 dB beamwidth is 27.2°. The op-
timization ratio of focal distance/aperture diameter is 1.31. The
compensated phase is & = &, + Po, where P, is the compen-
sated phase for transferring the spherical wave from the horn
into the plane wave, and ®- converts the plane wave into the
3D-shaped near field. PC technique is used to obtain ®5 and
the amplitude. All simulated results are obtained by CST.

(1) For the cylindrical conformal MTS. Figs. 6(a)-6(c) are
the compensated phase distributions for ®;, @5, and the total
compensated phase ® in the cylindrical conformal MTS, re-
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spectively. @, is obtained by PC technique. The E-field dis-
tributions of the cross sections in the zoy plane are shown in
Fig. 7. Fig. 7(a) is the E-field distribution at z = 110mm
generated by Matlab, and Fig. 7(b) is the normalized E-density
distribution in the cylindrical conformal MTS obtained by PC
technique.

(2) For the planar MTS. Figs. 8(a)-8(c) are the compensated
phase distributions for ®,, ®5, and the total compensated phase
® in the planar MTS located in z = 0, respectively. The E-field
distributions of the cross sections in the zoy plane are shown in
Fig. 9. Fig. 9(a) is the E-field distribution in the xoy plane at
z = 110 mm generated by Matlab, and Fig. 9(b) is the normal-
ized E-density distribution in the planar MTS obtained by the
PC technique.

The distribution maps for the control geometry parameters
are in Fig. 10 and Fig. 11. For the cylindrical conformal MTS-
1 (PAM in area-A and PM in area-B): According to Fig. 4,
Fig. 6(c), and Fig. 7(b), the distribution maps for the control
geometry parameters (3, [) are shown in Figs. 10(a) and 10(b),
respectively. Fig. 10(c) is the unit and mirror unit distribution
map, and “0” and “1” represent the unit and mirror unit, re-
spectively. For the planar MTS-2 (PAM in area-A and PM in
area-B): According to Fig. 4, Fig. 8(c), and Fig. 9(b), the dis-
tribution maps for the control geometry parameter (3, [) are
shown in Figs. 11(a), 11(b), respectively. Fig. 11(c) is the unit
and mirror unit distribution map.
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FIGURE 8. Compensated phase distributions for the planar MTS at 12 GHz: (a) for ®4, (b) for &2 by PC, (c) for ®.
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FIGURE 9. The cross-section-shaped E-field distributions for the planar MTS at 12 GHz: (a) in z = 110 mm generated by Matlab, (b) Normalized
FE-density distribution in the MTS by PC technique.
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FIGURE 10. The geometry parameter distributions for the cylindrical conformal MTS: (a) for 3, (b) for /, and (c) for the unit and mirror unit.
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FIGURE 12. The prototype of the planar MTS: (a) the top (bottom) layer and their detailed drawing, (b) the top side of the dual middle metal layers
and its detailed drawing, (c) the measurement environment.

4. SIMULATED AND MEASURED RESULTS PM), planar MTS-2 (PAM-PM), cylindrical conformal MTS-3

(PM), and planar MTS-4 (PM). The planar MTS with PAM-PM
To confirm the PAM-PM combined design strategy for the con- has been fabricated, and Fig. 12 is the prototype and measure-
formal MTS with high SNR and FE, four transmission MTSs ment environment. Fig. 12(a) shows the top (or bottom) layer
with the same size of 351 mmx351 mm (14.04)\ x 14.04\, of the planar MTS and its detailed drawing, and Fig. 12(b) is
A wavelength) formed by 60 x 60 unit cells are researched the top side of the dual middle metal layers and their detailed
and compared at 12 GHz: cylindrical conformal MTS-1 (PAM- drawing. Fig. 12(c) illustrates the testing environment in the
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FIGURE 13. Simulation or measured F-fields in zoy plane of the 3D spiral shaped near field at z = 50 mm, 110 mm, 170 mm: (a) for the planar

MTS, (b) Simulated field for the cylindrical conformal MTS.
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FIGURE 14. The simulated normalized E-field distributions in zoz plane at 12 GHz: for planar MTSs with PM or PAM-PM (a), for cylindrical

conformal MTSs with PM or PAM-PM (b).

anechoic chamber. A KEYSIGHT ES5071C Vector Network
Analyzer (VNA) was used to test the shaped E-field distribu-
tion. The distance between the MTS and the horn is 350 mm.
The simulated or measured normalized E-field distributions
in the cross section (zoy plane at a distance z = 50mm,
110 mm, and 170 mm) of the field of the 3D near field with
spiral-shaped cross section are shown in Fig. 13. Figs. 13(a)
and 13(b) are for planar and cylindrical conformal MTSs, re-
spectively. Figs. 13(al) and (al-1) are the simulated and mea-
sured F-field distributions for the planar MTS with PAM-PM.
There is some noise in the measured result because structural
defects are introduced unintentionally during the fabrication
due to the subwavelength size of the unit cells and the test
environment. Fig. 13(a2) is the E-field for planar MTS with
PM. Figs. 13(b1) and 13(b2) are the simulated E-field distri-
butions for the cylindrical conformal MTSs with PAM-PM and
PM, respectively. The SNR is defined as the ratio of the peak
intensity of the image to the standard deviation of the back-
ground noise. There exists noise for the E-field distributions
for cylindrical conformal MTSs; however, the cylindrical con-
formal MTS with PAM-PM greatly reduces the noise. The pla-
nar MTS with PAM-PM or PM has a clear simulated image and
exhibits a better SNR than cylindrical conformal MTSs.
Figure 14 shows the simulated normalized F-field distribu-
tions in the xoz plane at y = 0 at 12 GHz for MTSs with PM
or PAM-PM. Figs. 14(a) and 14(b) are for planar MTSs and
cylindrical conformal MTSs, respectively. For planar MTS,
the simulated E-fields have low side lobe and high SNR for
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both the PM and PAM-PM MTSs. For cylindrical conformal
MTSs, there exists some noise in the background for PM, and
the PAM-PM greatly improves the SNR. The E-field distribu-
tions remain unchanged in the diffraction-free distance (within
the z-axis range of 50—170 mm), and the E-field is very lit-
tle between the MTS and focusing point, which is important in
practical applications for safety. Both the cylindrical confor-
mal and planar MTSs with PM or PAM-PM exhibit good SNR
in the zoz planar. However, there exist side lobes (marked in
Fig. 14), due to the coupling among adjacent units.

The focusing efficiency (1) (FE) of the MTS is calculated by
Nrocus = P1/P [22], where P; is the shaped near-field power in
oy plane S, and Py is the power from the horn. The size of
the integral plane (S) is 175.5 mmx175.5 mm.

1 /- -
P1=/7Re<E><H*>-ﬁds
g2

(6)
Tifocus = )

The maximum FE is achieved at d = 110 mm, and the FE de-
creases as the distance increases. For the cylindrical conformal
MTSs, the FEs are 33.2% and 38.1% for PM and PAM-PM, re-
spectively. For the planar MTSs, the FEs are 37.1% and 38.5%
for PM and PAM-PM, respectively. The PAM-PM MTSs have
higher FE than the PM MTSs.

A comparison between the proposed and recently published
shaped near-field MTSs has been made in Table 1. (1) For 3D

WWwWw.jpier.org



rPlER Letters

Huang and Niu
TABLE 1. Comparison between the work with PAM in this paper and recently published shaped near-field MTSs.
Focusing
Ref. Type Fre. (GHz) | modulation position Ntocus (%0) shaped near field
control
3D
[11] Huygens’ MTS 5.8 PM No - Helical
Beams
(3D)
[12] Planar MTS 16~30 PM No 30.5 .
2D rectangle
hol hi
[23] . olographic tensor 30 Impedance Yes 42.1 =
impedance MTS (conformal) _—
3D Spiral-shaped
litude-ph trol
This work amplitude-phase contro 12 PAM Yes 38.1
metasurface (conformal)

near-field comparison. Refs. [11,12] and the proposed work
are 3D near fields. Refs. [11,12] are planar MTS with PM,
and the proposed work is a conformal MTS with PAM-PM. The
proposed field and [12] generate 3D-shaped near fields with ar-
bitrary cross section (field structural complexity comparison);
however, the proposed 3D-shaped near field has controlled spa-
tial position from Z = 50 mm to 170 mm, and refs. [11, 12] do
not have the function (field shaping accuracy comparison). In
addition, the proposed 3D has the highest FE for the 3D-shaped
field 38.1%; ref. [12] is 30.5%; and the FE of [11] is not pro-
vided (efficiency comparison). (2) For conformal MTS com-
parison. Ref. [23] is a conformal MTS and has the highest FE
42.1%. However, the shaped near field in [23] is a 2D rectangle
(structural complexity comparison). The proposed work with
PAM-PM simultaneously possesses the following performance:
conformality, high FE, 3D-shaped near field with controlled
spatial position, and high SNR. (3) Both the 3D near fields gen-
erated by the planar MTSs [12, 23] and the proposed conformal
MTS with PAM-PM have clear 3D field images and validate the
effectiveness of the proposed conformal MTS PAM-PM mod-
ulation technique in improving the SNR and efficiency. (4)
For Operating Frequency. The conformal MTS works at a sin-
gle frequency 12 GHz. Ref. [12] operates at 16-30 GHz, and
[11,23] work at 30 GHz. (5) The MTSs in [11, 12] are planar
structures, and [23] and the proposed MTSs are conformal, so
it is easier to fabricate planar MTS than curved MTS.

5. CONCLUSION

In this paper, a PAM-PM combined modulation technique is
proposed for a conformal MTS. For conformal MTS, there ex-
ists an oblique incidence effect, and the following modulation
strategy is used: (1) PAM for the units under an oblique in-
cidence angle 6 > 40°. (2) PM with constant amplitude for
the units with § < 40°. The phase and amplitude of the
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unit are obtained by the PC technique. A 3D-shaped propa-
gation field with a spiral-shaped cross section (in zoy plane)
and linear propagation trajectory (in z coordinate axis direction)
is generated by four MTSs, respectively. Research indicates:
(1) For planar MTS, the SNR is almost the same for PM and
PAM-PM techniques. (2) For conformal MTS, PAM-PM has
a higher SNR and FE than PM. The designed cylindrical con-
formal MTS with PAM+PM simultaneously possesses the fol-
lowing advantages: conformality, high FE (38.1%), high SNR
(above 13 dB), 3D shaped near field, and controlled spatial po-
sition (from z = 50 mm to 170 mm).
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