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ABSTRACT: A novel miniaturized lens unit at 2.45 GHz is presented in this manuscript. This unit is formed by a modified Malta cross
and an ordinary cross, with a unit period of 0.2\o, where A\ denotes the unit wavelength. The ordinary cross unit creates a pathway for
the current between two units. Accordingly, it increases the current path and reduces the unit volume to a quarter of its original size.
By adjusting the length of the Malta cross arm, it is possible to achieve the transmission phase at 2.45 GHz within a range of 0-360°.
Moreover, an improved PSO algorithm is used to optimize the phase of array elements. The optimization process is able to achieve a
phase-shifting of +18° within the range of 3.28 \¢. Simulation and measurement results show that the miniaturized lens unit can be used

in the wireless energy transmission system.

1. INTRODUCTION

ased on transmission distance and frequency range, wire-

less energy transfer (WPT) can be divided into different
categories including capacitive power transfer [1], magneti-
cally coupled resonance wireless power transfer [2], inductive
coupled wireless power transfer [3], microwave power trans-
fer [4], and laser power transfer [S]. Compared with other
WPT categories, microwave power transfer has significant ad-
vantages in terms of efficiency, flexibility, and safety due to
the propagation characteristics of microwave [6]. Obviously,
high-gain antennas play a crucial role in the field of microwave
WPT [7]. Its high efficiency supports the stability and reli-
ability of long-distance transmission. In addition, directivity
improvement of the antenna can reduce energy scattering and
loss during transmission, causing significant improvement of
transmission efficiency. Therefore, high-gain antennas have
significant advantages in the field of wireless energy transmis-
sion, improving transmission efficiency, stability, and security.
Theoretically, high gain antennas can be realized using lens
antennas [8]. Compared to regular optical lenses, using lens
based on left-handed materials to form the properties of wide
bandwidth, flexible manufacturing, miniaturization, and multi-
functionality is a suitable way to meet the practical application.
In 1968, Veselago discovered the backward wave property of
left-handed medium [9]. In 2003, Cubukcu et al. found that
left-handed materials have the ability to focus electromagnetic
waves [10]. From 2005 to 2006, Antoniades and Eleftheriades
[11] and Bonache et al. [12] verified the negative refraction and
super-focusing phenomena of monochromatic waves in pho-
tonic crystals. These achievements have provided a solid the-
oretical foundation for the application of left-handed materials
in the field of microwave lens.
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Due to uneven unit distribution, oversized dimensions of the
left-hand material unit can lead to various problems such as de-
creased anisotropy and refractive index [13]. The usual meth-
ods for achieving unit miniaturization are divided into three cat-
egories including designing a curved branch structure based on
transmission line theory, using a lens unit with two different
structures complemented with each other, and adding lumped
elements on the unit to achieve miniaturization [14]. Ma et al.
proposed a 7-layer lens structure, which uses metal patches and
etched grooves overlapping each other, with a unit period of
only 0.15X¢ [15]. The fractal design reduces the size of the lens
unit by increasing the equivalent electrical length through the
use of space filling. The complementation of the etching groove
and metal antenna is used to miniaturize the lens unit further
and expand frequency bandwidth. Sun et al. proposed a 6-layer
transmission array structure with double-sided printing contain-
ing capacitors and varactor diodes, with a unit period of only
0.07\g [16]. The 6-layer lens structure is placed in front of the
feeding array as a radome, and the varactor diodes capacitance
is changed by controlling the DC voltage with a computer to
achieve beam scan. These methods are difficult to realize cov-
ering a 360° transmission phase range. A common solution to
solve this kind of problem is to increase the number of layers
of the lens [17].

In this article, a novel miniaturized structure is proposed,
which consists of a modified Malta cross structure and a reg-
ular cross structure, with a unit period of 0.2)\y. By changing
the arm length of the Malta cross, full 360° transmission phase
at 2.45 GHz can be achieved through a 4-layer structure. The
results of experiments and tests are proposed and discussed.
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FIGURE 2. S parameter of simulation results with k.

2. STRUCTURE DESCRIPTION OF THE CONCEPTUAL
MODEL

As shown in Figure 1, the miniaturized lens unit with a unit
period of 0.2\ is shown. The metallic patterns are printed on
four F4b substrates (¢, = 2.65, tanoc = 0.015). The spac-
ing between two layers is 25 mm. The dimensions of the unit
are shown in Table 1. The number of layers directly affects
the number of resonance points, operating bandwidth, and the

range of transmission phase.

TABLE 1. The value of parameter.

w1 l
1 25

d
0.8

Parameter

Value (mm)

The miniaturized units with different lengths of arms are sim-
ulated using CST Microwave Studio software. The variation of
transmission amplitude |.S2; | and transmission phase /S, with
ko at 2.45 GHz is shown in Figure 2. From the figure, it can
be seen that the transmission phase £S; achieves a complete
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360° phase coverage, with the transmission amplitude |.S21 | less
than —3 dB.

3. OPERATION PRINCIPLE

The Si; results of the Malta cross structure and miniaturized
structure are shown in Figure 3 and Figure 4. In Figure 4, the
S11 result of the miniaturized unit is presented. Compared to
the Malta structure, adding a cross structure can introduce a new
resonance point at low frequencies.

As shown in Figure 5, the current distribution of a single-
layer Malta cross unit at 2.45 GHz is given. It can be seen that
the current distribution between two arms of the Malta cross is
stronger, and the current path is approximately twice the length
of the Malta cross arm. The single-layer Malta cross electric
field distribution is shown in Figure 6. When electromagnetic
waves pass through a gap, they will form a closely coupled re-
gion of electric and magnetic fields near the gap, thereby gen-
erating current.

The current distribution diagram of a single-layer miniatur-
ized unit at 2.45 GHz is given in Figure 7. It can be seen that
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FIGURE 3. S11 of Malta cross structure.

FIGURE 7. Current distribution of the miniaturized structure.

the resonance point at low frequency is not directly generated
by the ordinary cross structure. Rather, the ordinary cross struc-
ture connects two units causing current to flow between the two
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FIGURE 4. S1; of the miniaturized structure.

= e e el e e e e el e e e e e . e iy . . e . e . e i ey e
B b T T T Y T e
e e e e e e e e e
i e S S e R . B I . e e e O T R e e S S B N I I e
b i L A A A G S0 g0 A S i e e e e Sl e b S B B B L S
EE I R IR B I I I e e S T S S I N B N R

LI I T N Y A B A A B L U U T I T T T R R
+ % e 8 8 e MR Y H PP A ey b e e s
~ s e s >R RER S+t EERTE R IR N A 3 A W
“HE TR HXERRRR YLt~ id i renuns
- 3 11 [

-
s
PR
+
-

e 3% BE K £~ ‘

WO W N W o w0 - n R KRR RSy o
LA S o g g BRSNS 8RR
R ah ot L S R L P L e o R R L R R W R N N N e st ad
A 4 A 4 A A e A e T P T e e e g g
T T A A e e T e e e R
B e o o o e o e o ]
= ettt
B B e B B R B ER e e s e e S S

FIGURE 6. Electric field distribution of Malta cross structure.

units, which results in a doubling of the current path. There-
fore, the frequency of the resonance point at low frequency is
roughly half of the high frequency.

In addition, by analyzing the current paths of the unit and
selecting a unit as volume element, the equivalent circuit dia-
gram of a single unit can be obtained as shown in Figure 8. The
entire unit can be seen as composed of two crosses, and the res-
onant circuit of the entire unit can be seen as composed of four
separate parallel resonant circuits. In this circuit, C,,, repre-
sents the coupling capacitance between the regular cross arm
and Malta cross arm. L, represents the equivalent inductance
of Malta cross arm. L, represents the equivalent inductance
of the regular cross arm, and L,,, represents the coupling in-
ductance between the Malta cross arm and regular cross arm.
In order to simplify the analysis process, the coupling capaci-
tance between Malta cross arms and the coupling capacitance
between the two elements are not considered here. By analyz-
ing the equivalence, the unit size can be adjusted to achieve full
transmission phases.
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FIGURE 9. Malta cross array with 0°.

4. ADVANTAGES OF MICROWAVE LENS IN MINIA-
TURIZATION

In order to verify the capacity of miniaturized unit array, minia-
turized unit array and Malta cross array are compared in this
chapter. A square array of 500 mm x 500 mm is used in this
study, with a focal length ratio of 0.8. The illumination is a
1 x 2 microstrip Yagi antenna array with a gain of 10dBi. In
order to prove the advantages of miniaturized units, a part of the
entire array with the same relative phase is selected to compare.

The Malta cross array is shown in Figure 9. The size of each
unit is 50 mm x 50 mm, and the scale of array is 10 x 10. The
miniaturized unit array is shown in Figure 10. The size of each
unit is 25 mm x 25 mm, and the scale of array is 20 x 20. The
middle and edge parts of the entire array are selected for analy-
sis. The scales of selected cells are 3 x 3 and 6 x 6, respectively.
And the relative phase is 0°.

The return losses of different arrays with 0° are shown in
Figure 11 and Figure 12. In the same region, the response fre-
quency band of miniaturized unit array is larger than that of the
Malta cross array. In the edge part with lager phase difference,
the response frequency band of the miniaturized unit array is
more than 2-3 GHz, while that of the Malta cross array is only
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FIGURE 10. Miniaturized unit array with 0°.

2.12-2.54 GHz. In addition, for different regions, the response
of the miniaturized unit array varies much less than that of the
Malta cross array.

The relative phase is one of the factors that affects the ca-
pacity of the array. The choice of relative phase will influence
the capacity of array by affecting the value of the transmission
phase and transmission amplitude. Thereby, the situation with
different relative phases is analyzed. The relative phase of 20°
is shown in Figure 13 and Figure 14.

The return losses of different arrays with 20° are shown in
Figure 15 and Figure 16. S3; changes as the relative phase
changes. However, the response frequency band of the minia-
turized unit array is still larger than that of the Malta cross
structure. It is shown that the miniaturized unit structure can
reduce the influence between cells and expand response fre-
quency band.

5. BEAM-SCANNING ALGORITHM BASED ON PHASE
DISTRIBUTION OF POINT LIGHT SOURCE

In order to achieve the beam-scanning, an optimization algo-
rithm to calculate the phase distribution of units is considered
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FIGURE 11. Return loss of middle part with 0°.

2 4 6 8 10

T T T T T T T
0 -
10 4
o
S, 20} g
%)
30 F -
40 | -
—— The former structure
—— The minimized structure
-50 1 1 1 1 1 1
2.0 2.2 2.4 2.6 2.8 3.0
Fre [GHZz]

FIGURE 15. Return loss of middle part with 20°.
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FIGURE 12. Return loss of edge part with 0°.
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FIGURE 16. Return loss of edge part with 20°.
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FIGURE 17. Schematic of mechanical scanning.
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FIGURE 18. The first layer compensation. FIGURE 19. Region Division.
in this part. As shown in Figure 17, the illumination moves to get because of large search domain and huge number of par-
along the X-axis at a height of 400 mm above the array. ticle swarm; the coupling between cells is difficult to predict
The field of the array, which is equal to the superposition of out of the large differences between adjoining units; the opti-
each unit field and the illumination field at each unit position, mized array has low robustness due to the lack of consideration
is determined by [18] for continuous variables.

To address these issues, an improved PSO algorithm is pro-

M N ar posed. The core idea of this algorithm is to use quasi-regularly

E,0)= > > (cosd(8)) - (M) distributed particle positions instead of randomly distributed

[Crn| - |1l particle positions as shown in Figures 18. This not only re-

duces the search space but also makes the optimized phase dis-

B Emn®) || I Oemn A Osmn) Iy —pp] (1) tribution more uniform. The array is divided into three regions

according to the illumination moving region and the electric

field of illumination as shown in Figure 19. In different regions,

quasi-ordered compensating phase is superimposed to achieve
phase-shifting.

m=1n=1

where 0., is the compensating phase, and 6 ,,,, is the phase
of illumination.

The traditional particle swarm optimization (PSO) algorithm
has the following problems: the local optimal solution is easy
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FIGURE 20. Array arrangement.
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FIGURE 23. Gain of different frequencies at z = 150 mm.

TABLE 2. Main lobe angle of different illumination shift.

The shift of illumination (mm) | 200

150 | 100 | O | 100 | 150 | 200

The angle of main lobe (°) —18

—14 | =10 | 0 | 10 14 18

6. EXPERIMENT VERIFICATION AND MEASUREMENT
RESULTS

According to the above model, the positions of illumination,
z = Omm and z = 200 mm, are optimized and the phase-
shifting of the targets set to 0° and > 15°, respectively. Besides,
the target side lobe is no more than —20 dB. The program is
run on Matlab R2019a, and the optimized array is shown in
Figure 20.

As shown in Figure 21, it can be seen that when = 0 mm,
the main beam angle is 0°, and when = 200 mm, the main
beam angle is 18°. The difference between the main lobe and
side lobe is about —10 dB.

CST simulation results are shown in Figure 22. In order to
verify the advantages of the optimized array, simulation anal-

yses for different frequencies and different illumination posi-
tions are given. The results for different illumination positions
are shown in Figure 22. It can be seen that as the illumination
moves, the main beam scans from —18° to 18°. The main beam
gain changes no more than 2 dBi. The relationship between the
shift of illumination and main lobe angle is shown in Table 2.
The results at different frequencies are shown in Figure 23. It
can be seen that the maximum gain does not vary much with
frequency.

Table 3 presents a performance assessment of the lens anten-
nas in comparison to other lens antennas. The proposed antenna
combines the largest quantity of aperture efficiency within a
compact structure.

After machining the lens system, near-field testing is carried
out. The size of the lens is 500 mm x 500 mm x 76 mm, and
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TABLE 3. Comparison of previous lens antennas.
Ref fo (GHz) Array size Gain (dBi) | Phase-shifting (°) | e (%)
[19] 24 3N x 7 17.2 —36-36 -
[20] 30 14.5X x 19.5\ | 27.3/24.5 0-50 15.1/7.9
[21] 28.5 9.9A X 9.9 25/19.5 —30-30 25/7.26
[22] 5.8 10X x 10X 17.3/- —37-37 4.5/-
This work 2.45 4.09)\ x 4.09) 15.4/13.3 —18-18 16.5/10
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FIGURE 26. Curved lens model.

the illumination is at a height of 330 mm above the lens. The
lenses are supported by 25 mm plastic, and the Yagi antennas
are supported by sponge. The test environment and test results
are shown in Figure 24 and Figure 25. In addition to the ma-
chining error and environment error, it can be seen that the main
lobe angle is basically consistent with that of simulation. How-
ever, because of the lens thickness and material, the plate bends,
which makes the side lobe have a high level.

In order to verify the conjecture, the curved lens is analyzed.
As shown in Figure 26, the second lens bending and the shift
of the illumination by 100 mm are considered. The simulation
results are shown in Figure 27. It can be seen that the main lobe
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FIGURE 27. Gain of the curved lens.

angle is 10°, which is consistent with the results of the unbent
lens. Due to the bending of the lens, the transmission phase and
transmission amplitude of the unit change; the maximum gain
decreases; and the side lobe increases.

7. CONCLUSION

In this manuscript, a miniaturized lens unit at 2.45 GHz is pre-
sented for WPT application. The idea of path reuse is proposed
for miniaturization. The area of the miniatured structure with
a size of 0.2 x 0.2 square wavelength is reduced to 16% com-
pared to the half-wavelength structure. According to simulation
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and measurement results, it can be seen that the miniaturized
unit structure can reduce the influence between cells and ex-
pand response frequency band. In the end of this manuscript,
through the quasi-ordered optimization idea, the beam scanning

of —

18° ~ 18° is realized with the shift of the illumination in

+200 mm.
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