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ABSTRACT: Arbitrarily shaped near field with arbitrary polarization is practical application requirements. Our previous work proposed
combining the phase conjugation (PC) and planar tensor impedance modulated holographic metasurface (TIMHMS) for arbitrarily shaped
near field with arbitrary polarization. This paper proposes to generate arbitrarily shaped near field with arbitrary polarization by cylindrical
conformal TIMHMS based on PC and Blackman window function. For the first time to the knowledge of the authors, arbitrarily shaped
near field with arbitrary polarization is generated by conformal TIMHMSs. As an example, two cylindrical conformal TIMHMSs are
constructed at 30 GHz for rectangle-shaped near field: (LHCP, z = 100 mm) and (LP, 2 = 200 mm), where LHCP and LP are left
hand circular and linear polarizations, respectively. Blackman window function is used to optimize the cylindrical conformal TIMHMS
design for optimized field pattern efficiency and low sidelobe. The calculated, simulated, and measured results agree well, and validate
the proposed design method for conformal TIMHMS. The designed conformal TIMHMSs have the advantages of high pattern efficiency
42.1%, flexibly shaped field patterns and polarizations, and low sidelobe (—15dB). The design method does not need complicated
calculations and can be used in the upcoming sixth-generation wireless networks with required shaped near field for Radio Frequency
Identification, holographic imaging, biomedical applications, etc.

rlER Letters

1. INTRODUCTION

onformal metasurfaces have the following advantages: be-
Cing readily mounted on external surfaces to satisfy aero-
dynamic requirements, wide-angle scan capability, wide angle
coverage, space-saving, and large-sized antenna apertures due
to their 2-D structure. Conformal metasurfaces are widely used
in missiles, unmanned aerial vehicles [1], and high-speed vehi-
cles, and are candidates for communication systems and multi-
function radars due to beam-scanning capabilities [2].

TIMHMS can simultaneously regulate polarization, fre-
quency, and beam type, and has high aperture efficiency and
powerful multi-function capabilities [3]. In addition, TIMHMS
is fed from inside or edge of the metasurface, has low profile
and easy conformation. Therefore recently, TIMHMS attracts
considerable attention, and some works with good performance
have been developed [4].

The spatial resolution and information capacity in the near
fields are higher than that of the far fields. Several applications
of such properties can be used as near-field scanning optical
microscopy, evanescent near fields for super resolution, non-
invasive microwave hyperthermia, Radio Frequency Identifi-
cation (RFID), through-the wall imaging [5], wireless commu-
nications, detection, imaging, heating, breeding, therapy, and
lithography, and many others. More signal routing and lower
transmission loss can be readily achieved in the Fresnel region
than the far-field region. In millimeter-Wave (mm Wave) and
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Terahertz (THz) frequency bands, the near-field (Fresnel) dis-
tance can amount to several dozens of meters. The near-field
(Fresnel) distance is determined by D and A. At 6 GHz and
60 GHz in the millimeter wave range, for arrays with a size of
0.1 m, the near-field distance is less than 0.5 m and 5 m, respec-
tively. However, at 0.6 THz, the near-field distance is about
40m. So near field may become an indispensable or even de-
sired choice in support of simultaneous wireless power, super-
high-speed data transmission, and sensing operations within a
near-field region in the upcoming sixth generation (6G) mobile
wireless communications networks [6]. A common key point in
the applications of near fields is the generation of special field
distributions. Some field shaping methods have been applied to
achieve various field patterns, such as time-reversal (TR) [7].
TR method can flexibly control electromagnetic (EM) waves to
generate arbitrarily shaped fields in a closed metal cavity. The
extended maximum power transmission efficiency method is
used to generate square-shaped, circle-shaped, triangle-shaped,
and heart-shaped near-field patterns [8, 9]. However, the above
techniques cannot produce shaped near field with arbitrary po-
larization. To the knowledge of the authors, there is no shaped
near field generated by conformal metasurface. This paper
researches to generate arbitrarily shaped near field with arbi-
trary polarization by conformal TIMHMSs based on the PC and
Blackman window function. The structure of the paper is as
follows. Section 2 describes the design principle. Section 3 de-
scribes the cylindrical conformal TIMHMS design. Section 4

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERL24062503

rPlER Letters

Huang and Xiang

presents the simulation and measurement results, and Section 5
presents the conclusion.

2. DESIGN PRINCIPLE

Figure 1 shows a schematic of the rectangle-shaped near field
by the cylindrical conformal TIMHMS. The origin of the coor-
dinate system is at the TIMHMS center, and the X -axis is the
center axis of the cylinder with radius p. A monopole feeder is
located at the center of the TIMHMS. The operation frequency
is 30 GHz, and the rectangle-shaped near field is in zoy plane.

FIGURE 1. Diagram for the rectangular-shaped near-field by the con-
formal TIMHMS.

2.1. Phase Conjugation Technique

The electric field E of the electromagnetic wave in the passive
area satisfies the vector wave equation. If the mathematical TR
processing from t to —t is carried out on the electric field E,
the electric field E still satisfies the wave equation [10]. TR
has the property of spatiotemporal focusing. When the signal
is reversed between time —7" and 0 and sent back, the signal
backtracks on the initial position and time. TR technique is
operated in the time domain and is equivalent to PC operated in
the frequency domain. The detail for designing the TIMHMS
based on PCis in [11].

(1) First, computer holography technology is used to estab-
lish the test shaped near field through MATLAB program. Ar-
bitrary polarization is achieved by combining x and y polar-
izations with related phase conditions. For instance, phase dif-
ference (90°) between the X - and Y -polarized E-fields matrix
can yield circular polarization. Establishing a matrix formula
corresponding to the geometry pattern of the shaped near field,
arbitrarily shaped near field can be generated by MATLAB pro-
gram. Then, arbitrarily shaped near field with arbitrary polar-
ization can be obtained by MATLAB.

(2) Second, the electric field file created in MATLAB is im-
ported into an electromagnetic simulation software (such as
CST Microwave Studio) as the test field for PC operation. A
geometric recording surface (with the same curvature, size, and
position as the designed conformal TIMHMY) is established,
and then record the received test complex-valued E-field at each
grid point on the geometric surface.

(3) Third, the recorded E-field is then exported, and PC op-
eration is performed.

(4) Fourth, the E-field performed PC operation is used for
designing the conformal TIMHMS.

(@) 4
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FIGURE 2. The unit cell: (a) diagram, (b) top view and (c) side view.

2.2. Surface Impedance Distribution Principle in TIMHMS

Figures 2(a)—(c) illustrate the detailed structure of the proposed
unit cell, and all geometrical parameters of the cell are marked.
The tensor impedance Z of the unit cell at (z, y, z) results from

the interaction between the excitation surface current 7Wf and

the object wave ﬁmd [12]:
= Z Z
7 = T yx )
( Zuy  Zyy

T M = =
=] |:X+2 (Erad & J+Su7f— 7surf® E+rad>:| (1)

where “®” and “ +” represent the vector inner product and
Hermitian conjugate, respectively. X = (Zmax + Zmin)/2
and M = (Zmax — Zmin)/2. X and M represent the aver-
age impedance and impedance modulation depth, respectively.
Here X = 107.5Q and M = 32€). A modulation depth M
with window function distribution is used for optimized energy
distribution on the conformal impedance surface [13]. In this
paper, a modulation depth M’ with Blackman window func-
tion distribution is used to optimize the pattern efficiency and
minimize the sidelobe:

0.42 — 0.5 cos ( Tmn )
M/ - M max (T n ) (2)

+0.08 cos ( Tlea

max(""mn)

The E-field (performed PC operation), which is arbitrarily
shaped near field with arbitrary polarization, is substituted into

Bmd matrix in Eq. (1), and any required shape can be obtained.

In the traditional TIMHMS design method, ﬁmd is directly
given by the expression and is difficult to achieve arbitrarily

shaped near field. The excitation surface current 7Wf [12]:

j;u;f: Me*jgﬁmn (3)
‘ |7
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FIGURE 3. Ze versus g curve.

Here, 7., denotes the position coordinate vector of the unit cell
in the (z, y, z) space, and the wave vector k; in the surface wave
propagation direction at angle 8}, is computed as follows [12]:

ko= K2+ k2 = \Jo2+ 63 [v
0, = arctan (:—z)

“)

Here, ®, and ®,, represent the phase differences at the master-
slave boundaries, respectively, and p is the unit cell size. Here,
(s, ©,) = (64° 64°), ky = 658.2. Then according to
Egs. (1)—(4), we obtain the surface impedance matrix compo-
nents (Zyz, Loy, Zyy). The tensor impedance calculation re-
quires large and complex accounting operations, so the effec-
tive scalar impedance k, /k is used to simplify the unit design,
which is the function of (Z5, Zy, Zyy), and 0, as follows [12]:

—(Z8 = 23y + ZaaZyy)
ke ) [—(Z22— 22,4 Z0u 2,2 +42Z3

1/2

k +| X (Zyy c0s? O),— Zy,y 5in 20y, + Z,,, sin® Oy,
X (Zpz €082 O+ Zyy 5 205 + 2, s5in* 0},

x[2Z0(Zyyy €08 O),— Zyyy $in 204+ Z,,, sin” O, | O

where k, is the wave vector in the z direction, and k = 27/,
where ) is the wavelength. The relationship of &, /k vs 0y is an
elliptic curve. The major axis of the elliptic curve is the optimal
impedance matching value (&, /k)max, and the major principal
axis angle 0y, max is the maximum surface current direction, that
is, the slot angle 6; = 0} yax-

3. THIMS DESIGN

Two cylindrical conformal TIMHMSs are designed to vali-
date generating arbitrarily shaped near-field patterns with ar-
bitrary polarization by conformal TIMHMS based on PC and
Blackman window function techniques: (1) A left hand circu-
lar polarization (LHCP) rectangle-shaped near field with size
32mm X 16 mm at z = 100 mm. (2) A y-polarized rectangle-
shaped near field with size 36 mm x 16 mm at z = 200 mm.
The proposed cylindrical conformal TIMHMS shown in Fig. 1
is formed by the unit cells in Fig. 2.

3.1. Unit Cell Design

The tensor unit cell in Fig. 2 is designed to implement the effec-
tive scalar impedance (k. /k)max calculated by (5) at (z,y, 2)

FIGURE 4. ¢ = 0.2mm, 6t = 30°, 45°, 60° equivalent scalar impedance elliptic curve.

for the desired rectangle-shaped near field. All geometry pa-
rameters are kept fixed except for the geometry parameters g
and 0; (marked in Fig. 2) to simplify unit design. The unit cell
is composed of three parts: the upper layer is a circular metal
patch with three slits; the middle layer is an F4B substrate with
dielectric constant 2.65; and the bottom layer is a metal ground
floor. The rotation angle of the three slits of the unit cell is 6;,
and the distance between the circular metal patch and the edge
of the unit cell is g/2. w = 0.1 mm, A = 0.5 mm, and the size
of the unit cell p = 2.4 mm.

The relationship of the equivalent impedance vs the unit ge-
ometry parameters is as follows [12]:

, k. . e+ By)?2c?
max

where Zj is the impedance in free space, ¢ the light speed
in free space, and w the angular frequency. When g varies
from 0.2 mm to 0.8 mm, the surface impedance Z, ranges from
75.5Q t0 139.5 €, as depicted in Fig. 3. According to Fig. 3, a
polynomial formula describing the relationship between g and
Z. can be fitted as follows:

Z. = —14.0266¢°+103.5508¢% —198.44469—175.1247 (7)

Figure 4 shows the curves of effective scalar impedance k& / k
vs 0 for 8, = 30°, 45°, and 60° at ¢ = 0.2 mm. Fig. 4 indi-
cates: (1) The the long axis angle 0y max is similar to the slot
direction 6;. (2) 6; has a minimal impact on (k. /k)max, Which
ranges 138.8Q2 ~ 140.19Q. So Z. is mainly determined by
geometry parameter g. The simulated results in Fig. 4 agree
with [12].

3.2. Cylindrical Conformal TIMHMS Design

Two cylindrical conformal THIMSs formed by 31 x 31 unit
cells with size 74.4 mm x 74.4 mm x 0.5 mm and conformal cur-
vature radius p = 75 mm are designed for the rectangle-shaped
near field shown in Fig. 1. Figs. 5(al) and (a2) are the rectangle-
shaped fields for (LHCP, size 32 mm X 16 mm, z = 100 mm)
and (y-polarized, size 36 mm x 16 mm, z = 200 mm), respec-
tively. The shaped fields, surface impedance, and geometry
parameters (g, 6;) distributions obtained by MATLAB are in
Fig. 5. Figs. 5(bl), (cl), (d1) are the surface impedance and
geometry parameters (g, 0t) distributions for the LHCP field,
respectively. Figs. 5(b2), (c2), (d2) are the surface impedance
and geometry parameters (g, 0t) distributions for y-polarized
field, respectively.
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FIGURE 5. (a) The rectangle-shaped fields, (b) the surface impedance distributions, and (c), (d) geometry parameters (g, 0t) distributions. (al)—(d1)

for LHCP, (a2)—(d2) for y-polarized.
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FIGURE 6. (a) Prototype and detail drawing, (b) prototype arrangement, (c) measurement environment.

4. SIMULATED AND MEASURED RESULTS

We have fabricated a prototype for the cylindrical conformal
TIMHMS (LHCP, rectangle-shaped field) to validate the
design, as shown in Fig. 6. Fig. 7 shows the simulated
rectangle-shaped E-fields generated by the designed conformal
TIMHMSs: (LHCP, size 32 mm x 16 mm, z = 100 mm) and
(y-polarized, size 36 mm x 16 mm, z = 200 mm). Figs. 7(al)

(b1)LHCP (cl) dB

El
g
>
x (mm)
FIGURE 7. For LHCP: (al) the generated near-field by MAT-

LAB, (bl)/(cl) simulated shaped pattern by CST for conformal
THIMS with/without Blackman window function optimization. For
y-polarized: (a2) the generated near-field by MATLAB, (b2)/(c2) sim-
ulated shaped pattern by CST for conformal TIMHMS with/without
Blackman window function optimization.

and (a2) are the simulated near field by MATLAB for LHCP
and y-polarized E-fields, respectively. Fig. 7(bl)/(cl) is the
simulated LHCP shaped field pattern by CST with/without
Blackman window function optimization. Fig. 7(b2)/(c2) is
the simulated y-polarized shaped pattern by CST with/without
Blackman window function optimization. The shaped near
field pattern is not beautiful by using PC technique solely,
and there are some sidelobes, so PC and Blackman window
function are combined for the optimized sidelobe.

The simulated and measured rectange-shaped near fields
(LHCP, size 32 mm x 16 mm) are shown in Fig. 8. The calcu-
lated, simulated, and measured results are in good agreement,
validating the design method. The sidelobes are below —15 dB.
The area for measuring the near field is 74.4 mm x 74.4 mm,
and the measured position is at z = 100 mm.

Calculated Sim Mea (.l]}0
i-ls

FIGURE 8. The shaped near-field for LHCP, rectangle at z = 100 mm:
(a) generated by MATLAB, (b) simulated by CST, (c) measured.

(1] 37 =37 0 37

x(mm)
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TABLE 1. The performance of the designed conformal metasurface and near-field focusing conformal antenna in recent years.

type Near-field shaped field | polarization | f (GHz) Area (\%) Efficiency (%)
[11] TIMHMS (planar) rectangle y-LP 18 7.44 x 7.44 63.3
[15] Transmissive MS “SEU” LP 15 30.3 x 30.3 -
[16] THIMS (conformal) Two points z-LP 24.125 17.13 x 17.13 -
[17] array antenna (conformal) One point LP 2.3 3.68 x 3.68 -
Our work TIMHMS (conformal) rectangle LHCP 30 7.44 x 7.44 42.1

In order to verify that the generated electric field is left-hand
circularized, the E-field distributions for four phases 0°, 90°,
180°, and 270° are given as in Fig. 9. This electric field is
rotated in a counterclockwise direction, and an LHCP wave is
generated in the +z direction.
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FIGURE 9. E-field distributions of rectangle-shaped near-fields are de-
picted as follows: (a) at 0°, (b) at 90°, (c) at 180°, and (d) at 270°.

According to [14], the ratio of P1 in the shape near-field
plane to the feed transmit power PO is the focusing efficiency,
Nfocus = %, Py = [1/2 x Re(E x H*) - fids, and the mea-

s

sured focusing efficiency is 42.1%, as shown in Fig. 10.
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FIGURE 10. Schematic diagram illustrating the method for calculating
the efficiency of shaped near-field focusing.

To indicate the advantages of our designed conformal meta-
surfaces, Table 1 compares the proposed design with recently
published near-field shaping metasurfaces. Comparison be-
tween this paper and [11] is as follows. Similarities: Com-
bining phase conjugation (PC) and TIMHMS is proposed by
the authors, that is, the traditional formula Eq. (1) for the tensor

impedance modulated holographic metasurface is also adopted.
The difference between our method and conventional method in
using Eq. (1) lies in the technique of obtaining the target fields

(Brad) in (1). In this paper, Emd is obtained by PC, while

conventional method directly writes the expression of ﬁmd.
The TIMHMS designed by our method can generate arbitrarily
shaped near field with arbitrary polarization. However, it is dif-
ficult for the TIMHMS by conventional method to generate ar-
bitrarily shaped near field. Differences: This paper researches
that conformal TIMHMS generates arbitrarily shaped near field
with arbitrary polarization based on PC and Blackman window
function being used to optimize the field pattern efficiency and
low sidelobe because of a different radiation direction for each
unit cell. Ref. [11] research planar TIMHMS generates arbi-
trarily shaped near field with arbitrary polarization based on PC.
Compared with [15—17], our conformal metasurface offers sev-
eral advantages: high pattern focusing efficiency, low design
complexity, polarization diversity, and flexible field method.
The algorithm in [15] is complex with shaped near field linear
polarization and has big size. Compared with [16], our confor-
mal TIMHMS has smaller aperture, shaped near-field pattern,
while [16] is point focusing. The feed network in [17] is com-
plex, only realizes single point focusing, and is thicker (thick-
ness 5 mm).

5. CONCLUSION

In this paper, two cylindrical conformal TIMHMSs with a cur-
vature radius 75 mm have been proposed, and two rectangle-
shaped near fields (LHCP, size 32 mm x 16 mm, z = 100 mm)
and (y-polarized, size 36 mm x 16 mm, z = 200 mm) have been
generated by the two TIMHMSs, respectively. The two cylin-
drical conformal TIMHMSs, which can be designed to gen-
erate arbitrary field patterns with arbitrary polarizations, are
designed based on PC and Blackman window function tech-
niques. The developed cylindrical conformal THIMSs have the
following advantages: for the first time to the knowledge of
the authors, shaped near-field patterns are generated by confor-
mal metasurface, flexibly shaped field patterns and polariza-
tions, high near-field pattern efficiency 42.1%, and low side-
lobe —15dB. The calculated, simulated, and measured results
are in good agreement, which verifies the design method of con-
formal metasurfaces with arbitrary polarization and shape near
field based on PC and Blackman window function techniques.
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