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ABSTRACT: Addressing the problem of Pancharatnam-Berry (PB) phase metasurface mutual coupling and single functionality under or-
thogonal circularly polarized wave incidence, a circularly polarized multiplexing focusing metasurface lens with polarization conversion
functionality operating at 24GHz is proposed using themethod of jointly modulating PB phase and resonance phase. Themetasurface unit
is composed of two layers of dielectric plates covered with metal patterns on both sides separated by air. By varying the parameter sizes
of each joint of the windmill-shaped metal pattern, the resonance phase of the unit can be independently controlled in the x-polarization
and y-polarization directions, achieving a phase coverage close to 320◦ while maintaining a transmission magnitude greater than 0.8. By
rotating the metal pattern, the size of the PB phase can be freely controlled. Adjusting the parameters of the metal pattern, the unit has a
phase difference of 180◦ in the x- and y-polarization directions, achieving polarization conversion of circularly polarized waves, with its
polarization conversion ratio (PCR) approaching 100% near the operating frequency band. Simulation and test results show that under
left-handed and right-handed circularly polarized wave incidence, the metasurface lens achieves single-point focusing effects at differ-
ent positions, with focusing efficiencies of 45.6% and 45.9%, and focal spot sizes of −3 dB of 8.8mm and 8.4mm, respectively. This
work is expected to be applied in fields such as K-band satellite communication, wireless power transmission, and 24GHz automotive
millimeter-wave radar.

1. INTRODUCTION

Circularly polarized waves are electromagnetic waves in
which the projection of the endpoint of the electric field

vector onto a plane perpendicular to the direction of propa-
gation forms a circle. Based on the direction of variation of
the electric field vector, they can be classified as left-handed
circularly polarized (LHCP) waves and right-handed circularly
polarized waves (RHCP). Circularly polarized waves have un-
changed electric field strength during propagation, and the di-
rection of the electric field changes regularly with time and
space, effectively reducing the multipath effect and signal at-
tenuation during propagation. In engineering, circularly polar-
ized waves can be received using linearly polarized antennas
in any orientation, offering significant advantages in commu-
nication scenarios where the relative positions of the transmit-
ter and receiver are constantly changing. In space communi-
cation, circularly polarized waves can overcome polarization
rotation caused by Faraday rotation, enabling effective propa-
gation through the Earth’s ionosphere. Therefore, circularly po-
larized waves are widely utilized in fields such as satellite com-
munication [1, 2], radar [3, 4], and space remote sensing [5].
Metasurfaces are artificial planar electromagnetic structures

capable of flexibly manipulating the amplitude and phase char-
acteristics of electromagnetic waves. They possess advantages
of high integration and simple manufacturing, exhibiting sig-
nificant advantages in controlling electromagnetic wavefronts,
and are widely applied in fields such as optical imaging [6],
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wireless communication [7, 8], and medical sensing [9, 10].
Metasurfaces also serve as excellent media for achieving elec-
tromagnetic wave focusing. By simply manipulating the phase
distribution of the metasurface, electromagnetic waves can be
focused at the desired positions. There are mainly two types
of metasurface phase control technologies: resonance phase
control [11, 12] and Pancharatnam-Berry (PB) phase control
[13, 14]. For the focusing of linearly polarized waves, the res-
onance phase principle is typically employed to control their
transmission phases, thereby focusing the outgoing waves at
the target positions. In 2018, Chu et al. proposed a metasur-
face lens with a coaxial annular aperture structure based on
resonance phase, achieving high-resolution near-field focus-
ing of millimeter waves [15]. In 2019, Zhang et al. proposed
a polarization-sensitive near-field reflective focusing metasur-
face based on resonance phase and anisotropy, realizing in-
dependent control of the incident wave’s x-polarization and
y-polarization components [16]. The designed metasurface
achieved different focusing functions under the incidence of
x-polarized and y-polarized waves at 10GHz. For circularly
polarized waves, PB phase principle is typically used to con-
trol their transmission phases. In 2016, Guo et al. proposed
a single-layer ultra-thin circularly polarized focusing metasur-
face lens, which can convert LHCP waves at 15GHz into
RHCP waves and focus the transmitted waves in the near
field [17]. Currently, most reported metasurfaces can only
achieve single-function focusing. Although some researchers
have proposed linear polarization multiplexing metasurfaces
based on the anisotropy of metasurface structures to achieve
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two different focusing functions under x- and y-polarized wave
incidence [21, 25]. However, there is little research on meta-
surfaces for circularly polarized wave multiplexing focusing.
Phase modulation uses PB phase as a common method for
metasurfaces to control the wavefront of circularly polarized
waves. When two orthogonal circularly polarized waves en-
ter the metasurface, conjugate and opposite PB phases are ob-
tained. This restricts the repeated use of circularly polarized
waves to some extent.
In this paper, we propose a structure combining resonance

phase and PB phase [18, 19], which consists of circular res-
onators surrounding windmill-shaped metallic patches. By
varying the parameters of the unit structure, independent con-
trol of the resonance phase in the x- and y-polarization direc-
tions is achieved, with a phase coverage of 320 degrees un-
der the condition of transmission amplitude exceeding 0.8. By
changing the rotation angle of the unit structure, the PB phase
of the unit is controlled, and by combining PB phase and reso-
nance phase, decoupling of orthogonal circularly polarized PB
phases is achieved, enabling different focusing functions under
the incidence of LHCP and RHCP waves. The simulation anal-
ysis results are consistent with the physical measurement ones.

2. DESIGN OF METASURFACE UNIT
The Pancharatnam-Berry phase was first proposed by Berry in
1984 [20]. In microwave systems, when the polarization state
of an electromagnetic wave changes from an initial state and
returns to the initial polarization state, an additional phase is
generated. The magnitude of this phase difference equals half
the solid angle enclosed by the path of variation in the Poincaré
sphere. For planar structures, the PB phase is represented by a
change of±2θ in the phase of the cross-polarization component
when the element structure is rotated θ degrees perpendicular to
the plane. The propagation of electromagnetic waves in meta-
surfaces can be described using Jones matrices. The propaga-
tion of circularly polarized waves in space can be represented
as:{

E⃗R =
[
E0xe

j(ωt−kz+φx) jE0ye
j(ωt−kz+φy)

]T
E⃗L =

[
jE0xe

j(ωt−kz+φx) E0ye
j(ωt−kz+φy)

]T (1)

where ω is the angular frequency; k is the wave number; Ex

andEy are the electric field components of the electromagnetic
wave in the x- and y-polarization directions; and φx and φy are
the initial phases. The transmission Jones matrix for a metasur-
face unit rotating θ around the z-axis can be represented as:

T̃ (θ) = MTM−1 =

(
cos θ sin θ
− sin θ cos θ

)(
txx txy
tyx tyy

)
(

cos θ sin θ
− sin θ cos θ

)−1

(2)

Without considering time and space variations, the transmitted
electromagnetic field can be expressed as [21]:(

Et
+

Et
−

)
=

( 1
2 [txx + tyy + j (txy − tyx)]

1
2e

−j2θ

[txx − tyy + j (txy + tyx)]

1
2e

j2θ

[txx − tyy − j (txy + tyx)]
1
2 [txx + tyy − j (txy − tyx)]

)(
Ein

+

Ein
−

)
(3)

From Equation (3), it can be seen that when the incident wave
is circularly polarized, the phase of the transmitted wave’s co-
polarization component remains unchanged, while the cross-
polarization component introduces a phase φ with a magnitude
of ±2θ, where φ = 2θ for LHCP waves and φ = −2θ for
RHCP waves. According to the above principles, it is possible
to control the phase of the cross-polarization component of the
incident wave by adjusting the angle of the unit structure rota-
tion. However, for LHCP and RHCP, this phase is conjugate.
To achieve the reuse of circularly polarized waves, it is neces-
sary to introduce additional phases for decoupling. Let φ−(xi,
yj) and φ+(xi, yj) represent two different phase distributions
required to achieve the desired function under the incidence of
LHCP and RHCP waves, respectively. The metasurface trans-
mission Jones matrix T (xi, yj) needs to satisfy the following
conditions simultaneously:{

T (xi, yj) · L = exp [jφ− (xi, yj)] ·R
T (xi, yj) ·R = exp [jφ+ (xi, yj)] · L

(4)

The two-dimensional Jones vectors of LHCP and RHCP waves
can be represented as: L = [1j]T and R = [1 − j]T , so
Equation (4) can be expressed as:

T (xi, yj) =

[
1
2 [e

jφ−(xi,yj) + ejφ+(xi,yj)]
1
2 [e

jφ+(xi,yj) − ejφ−(xi,yj)]

1
2 [e

jφ+(xi,yj) − ejφ−(xi,yj)]
− 1

2 [e
jφ+(xi,yj) + ejφ+(xi,yj)]

]
(5)

According to the symmetry and unitarity of the matrix, T (xi,
yj) can be orthogonally transformed into:

T (xi, yj) = BΛB−1 (6)

where B is a skew-symmetric matrix, and Λ is a diagonal
matrix. For metasurface unit with isotropy, the diagonal ma-
trix Λ represents the resonant phases introduced by the meta-
surface element along two orthogonal polarization directions,
φx(xi, yj) andφy(xi, yj), where the skew-symmetric matrixB
represents the rotation angle θ(xi, yj) of the metasurface unit at
that position. By combining Equations (5) and (6), we can ob-
tain the relationships between the resonance phases φx(xi, yj)
andφy(xi, yj), the unit rotation angle θ (xi, yj), and the desired
phases φ−(xi, yj) and φ+(xi, yj), as shown below:

φx (xi, yj) = [φ− (xi, yj) + φ+ (xi, yj)] /2 (7)
φy (xi, yj) = [φ− (xi, yj) + φ+ (xi, yj)] /2− π (8)
θ (xi, yj) = [φ− (xi, yj)− φ+ (xi, yj)] /4 (9)

Therefore, when the unit PB phase and resonance phase satisfy
Equations (7)–(9), the unit can exhibit different phase responses
under LHCP and RHCP wave incidence. This demonstrates
that by introducing resonance phase modulation, it is possible
to decouple the PB phases of LHCP and RHCP, thus enabling
the construction of two independent circular polarization chan-
nels in the same metasurface, providing a theoretical basis for
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(b)(a)

(c)

FIGURE 1. The schematic of the metasurface unit structure: (a) Front view of the unit structure. (b) Side view of the unit structure. (c) Shows the
overall structure.

(a) (b)

FIGURE 2. The relationship between the transmission amplitude and phase of the unit and the parameters under the incident x-polarized wave at
24GHz. (a) Parameters lx and dy as variables; (b) Parameters ly and dx as variables.

the design of circular polarization-reusing transmissive focus-
ing metasurfaces.
The proposed circularly polarized reconfigurable transmis-

sive metasurface unit structure is shown in Fig. 1. The unit has
a period of P = 4.2mm, consisting of one layer of air, two
layers of dielectric substrate, and four layers of metal. The ma-
terial of the dielectric substrate is F4B, with a relative dielectric
constant εr = 2.65 and a loss tangent δ = 0.004. The thickness
of the dielectric substrate and air layer is h = 1mm. The metal
layer consists of a rotatable windmill-type metal structure with
a peripheral circular metal resonator. The material is copper
with a thickness of d = 0.035mm, and the rotation angle is θ.
The radius of the circular metal resonator is r1 = 2mm with a
thickness of 0.1mm, and the circular patch radius at the center

of the metal structure is r = 0.5mm. The width of the mul-
tiple metal strips extending from the circular patch is fixed at
w = 0.2mm, while their lengths are varied and denoted by lx,
ly, dx, and dy.
In order to verify whether the designed unit can flexibly con-

trol the resonant phase φx(xi, yj) and φy(xi, yj) in the x- and
y-polarization directions, we model and simulate the unit in the
electromagnetic simulation software CST. Under the incidence
of x-polarized waves at 24GHz, the rotation angle θ was 0,
with fixed parameters lx = 2dy, ly = 2dx = 1.2mm. When
the parameters lx/2 and dy gradually changed from 0.9mm to
1.5mm, the transmission amplitude and phase of the unit are
shown in Fig. 2(a). As lx and dy increase, the transmission am-
plitude of the unit changes, and the transmission phase in the
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FIGURE 3. Selected 8 metasurface units.

x-polarization direction also gradually increases. At 24GHz,
within the range where the transmission amplitude of the unit
is greater than 0.8, the phase shift range can reach 320◦. This
proves that flexible control of the transmission phase can be
achieved by changing the size of the parameters. Similarly,
with fixed parameters lx = 2dy = 1.2mm and ly = 2dx,
when ly/2 and dx gradually change from 0.9mm to 1.5mm,
the transmission amplitude and phase of the unit are shown in
Fig. 2(b). It can be observed that the transmission amplitude of
the unit is all greater than 0.9, but changing the parameters ly
and dx has almost no effect on the transmission amplitude and
phase of the unit in the x-polarization direction. This proves
that changes in parameters in the x- or y-polarization direction
do not affect the transmission amplitude and phase in the y- or
x-direction. The above results demonstrate that with the change
of parameters, the metasurface unit can independently control
the resonant phase of x- and y-polarizations of the metasurface
while maintaining high transmission amplitude and achieve a
wide range of phase shifts.
Based on the simulation results, using a phase difference of

45◦ as the phase gradient, the transmission phase of the discrete
unit is obtained, thereby obtaining the structure of 8 different
parameter metasurfaces, as shown in Fig. 3.
The electromagnetic simulation software CST was used to

model and simulate the 8 units shown in Fig. 3. The trans-
mission coefficients and phases of the 8 units under x- and
y-polarization incidence can be obtained. Figs. 4(a) and (b)
show the transmission amplitude and phase of the unit un-
der x-polarized wave incidence, while Fig. 4(c) and Fig. 4(d)
show the transmission amplitude and phase of the unit under
y-polarized wave incidence. It can be observed that when the
24GHz linearly polarized wave is incident, the transmission

amplitudes of the 8 units are all greater than 0.8; the phase dif-
ference between adjacent units is 45◦; the phase difference be-
tween x- and y-polarization directions of the same unit is 180◦;
and the above 8 units can achieve 360◦ full coverage of trans-
mission phase in both x- and y-polarization directions.
When the phase difference between the x- and y-polarization

directions of the unit is 180◦, the incident left-handed (right-
handed) circularly polarized wave can be converted into right-
handed (left-handed) circularly polarized wave. To verify the
polarization conversion performance of the unit, taking unit 1
as an example, assuming that the unit rotates counterclockwise
around the z-axis with the geometric center as θ, where θ is the
variable, under the incidence of LHCP waves, the amplitudes
and phases of co-polarization and cross-polarization of the unit
are shown in Fig. 5.
From Figs. 5(a) and (b), it can be observed that in the vicinity

of the 24GHz frequency band, when LHCP waves are incident,
the co-polarization transmission amplitude of the unit is all less
than 0.05, and with the change of θ, the co-polarization trans-
mission phase hardly changes. The above results indicate that
there is almost no LHCP component in the outgoing electro-
magnetic waves. From Fig. 5(c) and Fig. 5(d), it can be seen
that the cross-polarization transmission amplitude of the unit
near the 24GHz frequency band is greater than 0.8. The phase
difference of the cross-polarization transmission of units with
a geometric rotation angle difference of θ is 2θ. This indicates
that almost all of the LHCP waves entering the unit are con-
verted into RHCP waves. The transmission phase of the outgo-
ing wave satisfies the PB phase principle, proving that cross-
polarization conversion occurs after circularly polarized inci-
dent waves enter the metasurface. The polarization conversion
performance can be measured using the Polarization Conver-
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(b)(a)

(c) (d)

FIGURE 4. Transmission coefficient of 8 selected units. (a) x-polarization transmission amplitude; (b) x-polarization transmission phase; (c) y-
polarization transmission amplitude; (d) y-polarization transmission phase.

sion Ratio (PCR):

PCR =
t2+−(

t2+− + t2−−
) (10)

In Equation (10), t+− and t−− respectively represent the cross-
polarization and co-polarization transmission amplitudes of
LHCP waves. According to Equation (10), the PCR of the unit
under different parameters θ is calculated, as shown in Fig. 6.
It can be observed that near the operating frequency point of
24GHz, the PCR is close to 100%, indicating that the circular
polarization conversion efficiency of the unit is close to 100%.
This can be understood as almost all of the electromagnetic
waves transmitted through the metasurface are converted into
cross-polarization waves.

3. DESIGN OF METASURFACE ARRAY
In order to focus the incident waves in a specified area, it is nec-
essary to construct a metasurface array of certain dimensions
based on metasurface units. Design a metasurface array with
physical dimensions of 84mm × 84mm (20 × 20), with the
array plane as the xy plane, the geometric center of the array
as the coordinate origin, and the propagation direction of the

outgoing waves as the positive z-axis direction. Set the meta-
surface to vertically incident LHCP waves at 24GHz, focusing
the incident waves at position A (−15mm, 0mm, 40mm); un-
der vertically incident RHCP waves at 24GHz, focusing the
electromagnetic waves at position B (15mm, 0mm, 40mm).
The principle of metasurface focusing is shown in Fig. 7.
Use plane waves as the feed source for the metasurface ar-

ray. When the plane wave passes through the metasurface and
reaches the focal point F (xf , yf , zf ), the phase ∆ϕ(xi, yj) of
each unit on the metasurface array should satisfy equation [22]:

∆ϕ(xi, yj , 0) =

arg
{
exp

(
−j

2π

λ

√
(xf − xi)2 + (yf − yj)2 + z2f

)}
(11)

where λ is the wavelength of the incident electromagnetic
wave; fx, fy , fz are the coordinates of the focal point; and xi,
yi are the coordinates of the i-th unit. According to Equation
(11), under the conditions of determining the focal point posi-
tion and unit position, the phase distribution of the metasurface
array that can achieve the corresponding focusing effect can be
calculated, as shown in Fig. 8(a) and Fig. 8(b).
Under the condition of determining the phase distributions

achieving two focusing effects, according to Equations (7) and
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(b)(a)

(c) (d)

FIGURE 5. The transmission coefficients of units with different θ under LHCP incident. (a) The co-polarized transmission amplitude; (b) The
co-polarized transmission phase; (c) The cross-polarized transmission amplitude; (d) The cross-polarized transmission phase.

FIGURE 6. Polarization Conversion Ratio of units with different θ. FIGURE 7. The principle of electromagnetic waves focusing by meta-
surface lens.

(8), the resonant phase distributions φx(xi, yj) and φy(xi, yj)
in the x- and y-polarization directions of the metasurface
array can be respectively calculated, as shown in Fig. 9(a)
and Fig. 9(b). According to Equation (9), the rotation angle

θ(xi, yj) of the unit structure can be calculated, as shown in
Fig. 9(c).
The phase distribution of the calculated array is discretized

with a 45◦ phase difference based on Fig. 3 and Fig. 4, and the
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(b)(a)

FIGURE 8. Phase distribution of metasurface under circular polarization incident. (a) Left-handed circular polarization; (b) Right-handed circular
polarization.

(b)(a) (c)

FIGURE 9. Resonance phase distribution and rotation angle. (a) Distribution of x polarization phase; (b) Distribution of y polarization phase; (c)
Distribution of unit rotation angles.

specific structure of each unit in the metasurface array can be
obtained. Finally, combined with the distribution of unit rota-
tion angles, the entire metasurface array model can be obtained,
as shown in Fig. 10.
The designed metasurface array was simulated using CST

simulation software, with the front and back of the array se-
lected as the input and output ports, respectively, and plane
waves provided by the software were used as the excitation
source. LHCP and RHCP plane waves were vertically incident
on the metasurface array, resulting in the electric field intensity
at the z = 40mm plane as shown in Fig. 11(a) and Fig. 11(b)
and the electric field intensity on the xoz plane as shown in
Fig. 11(c) and Fig. 11(d).
From Fig. 11, it can be observed that the incident waves

achieve a significant focusing effect after passing through the
metasurface. Under LHCP and RHCP wave incidence, the
electromagnetic waves are converged to different positions,
with the maximum electric field intensity located at (−14mm,
0, 41mm) and (14mm, 0, 41mm), respectively, which are very
close to the preset focal point positions. The focusing beam ef-
ficiency η is defined as the ratio of the energy at the focus of
a metasurface lens to the energy at the plane without the meta-
surface lens [16, 23]:

η=Pf/P0=

∫∫
Re

(−→
E×

−→
H
)
·d−→s f/

∫∫
Re

(−→
E×

−→
H
)
·d−→s 0

(12)

Pf is the focusing power, P the energy irradiated by the horn
into the plane when there is no metasurface, sf the area of the
focal spot, and s the area of the plane. Therefore, the focusing
efficiencies of the focal points under LHCP and RHCP plane
wave incidence can be calculated as 45.9% and 45.6%, respec-
tively. The −3 dB focal widths under LHCP and RHCP wave
incidence are shown in Fig. 12. According to Fig. 12(a), the
diameter of the focal spot at the z = 40mm plane under LHCP
wave incidence is approximately 0.67λ (8.4mm); similarly, un-
der RHCP wave incidence, the diameter of the focal spot at the
z = 40mm plane is approximately 0.7λ (8.8mm).
The above simulation results demonstrate that the designed

circularly polarized multiplexing focusing metasurface can ef-
fectively focus LHCP and RHCP waves in the target area,
achieving dual-channel single-focus focusing, with high planar
resolution and focusing efficiency. The focusing metasurface
lens designed in this paper is compared with previous designs,
as shown in Table 1. The proposed focusing metasurface has a
small thickness and focal size, which enables bifunctional and
high-resolution focusing. In addition, it can have a polarization
conversion efficiency close to 100%.

4. TESTING AND DISCUSSION
To verify the practical performance of the designed circularly
polarized multiplexing focusing metasurface lens, the metasur-
face lens shown in Fig. 10 was fabricated using planar printing
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FIGURE 10. Schematic of the metasurface lens structure.

(b)(a)

(c) (d)

FIGURE 11. Simulation results. (a) Electric field distribution at z = 40mm plane under LHCP incidence; (b) Electric field distribution at z = 40mm
plane under RHCP wave incidence; (c) Electric field distribution at y = 42mm plane under LHCP incidence; (d) Electric field distribution at
y = 42mm plane under RHCP wave incidence.
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(b)(a)

FIGURE 12. The focal width of −3 dB. (a) The Focal spot size in the z = 40mm plane under LHCP wave incidence; (b) The Focal spot size in the
z = 40mm plane under RHCP wave incidence.

TABLE 1. Comparison with existing transmissive focused metasurface.

Ref. Center
frequency

polarization Thickness PCR
Number

of
functions

Focus
size

[24] 35GHz Linear
polarization

0.24λ - 1 1.05λ

[25] 15.5GHz Linear
polarization

0.21λ - 2 0.83λ

[26] 10GHz Linear
polarization

0.08λ - 1 0.7λ

[15] 35GHz Linear
polarization

0.18λ - 1 0.46λ

[17] 15GHz Circular
polarization

0.075λ 94% 1 0.75λ

This papaer 24GHz Circular
polarization

0.24λ 99.9% 2 0.67λ

technology. The metasurface consists of 20 × 20 units, with a
planar size of 84×84mm2 and a thickness of 3mm. The meta-
surface array consists of two identical printed circuit boards
(PCBs). The two plates are padded with plastic nuts of 1mm
thickness, so that there is an air layer of 1mm thickness between
the two plates. The fabricated focusing metasurface is shown
in Fig. 13(a). The fabricated metasurface lens was placed in
a microwave darkroom for measurement, as illustrated in the
testing principle in Fig. 13(b).
In the measurement, a circularly polarized horn antenna is

used as the feed source, the frequency of the horn antenna is
24GHz, and the aperture is parallel to the metasurface array,
when the distance d of the horn antenna from the metasurface
satisfies equation:

d > 2D2/λ (13)
At this point, the electromagnetic wave radiated by the horn an-
tenna can be approximated as a plane wave at the metasurface.
A receiving probe is placed on the other side of the metasurface,

and the probe is fixed on a movable mechanical arm, which can
translate on a fixed plane to measure the electric field strength
distribution on the plane, and the test environment is shown in
Fig. 14.
The probe scans within a range of 200 × 200mm2 with a

step size of 2mm. The electric field distribution on the plane is
extracted using a vector network analyzer and fitted into a nor-
malized electric field distribution two-dimensional graph. The
electric field distribution at z = 40mm under the excitation of
LHCP and RHCP waves at 24GHz for the metasurface sample
is illustrated in Fig. 15(a) and Fig. 15(b).
From Fig. 15, it can be observed that the fabricated meta-

surface sample achieves the single-focus focusing function un-
der the incidence of LHCP and RHCP waves, respectively, and
the results are highly similar to the simulation results. To fur-
ther compare the simulation results with the measured ones, the
electric field strength on the line y = 42mm in the z = 40mm
plane is extracted under the incidence of LHCP and RHCP
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(a) (b)

FIGURE 13. Metasurface measurement. (a) Fabricated metasurface. (b) Schematic diagram of the metasurface measurement.

FIGURE 14. Measuring device and environment.

(b)(a)

FIGURE 15. Measurement results. (a) Normalized electric field distribution at z = 40mm under 24GHz LHCP wave incidence; (b) Normalized
electric field distribution at z = 40mm under 24GHz RHCP wave incidence.

waves at 24GHz, and fitted into a normalized electric field dis-
tribution curve, as shown in Fig. 16(a) and Fig. 16(b). The black
dashed line in the figure represents the actual test results, while
the red solid line represents the simulation results. The simu-

lation results are in good agreement with the actual test results,
verifying the effectiveness of the designed circularly polarized
reconfigurable focusing metasurface lens.
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(b)(a)

FIGURE 16. Comparison between measured results and simulation results. (a) The normalized electric field distribution on the line y = 42mm under
LHCP wave incident at 24GHz; (b) Normalized electric field distribution on line y = 42mm at the incidence of RHCP wave at 24GHz.

5. CONCLUSION
In this paper, a two-layer circularly polarized multiplexed fo-
cusing metasurface lens is designed and processed, which can
focus the circularly polarized incident wave at the target posi-
tion while achieving a highly efficient polarization conversion
function. The decoupling of the LHCP and RHCP phase distri-
butions is achieved by the method of joint modulation of reso-
nance and Pancharatnam-Berry phase, which enables the meta-
surface array to achieve different focusing effects under the in-
cidence of LHCP and RHCP waves. The polarization conver-
sion ratio is close to 100%. Simulated and experimental results
show that the metasurface lens achieves two different focus-
ing effects under LHCP and RHCP irradiation with good fo-
cusing effects; the focusing efficiencies are 45.6% and 45.9%,
respectively; the −3 dB focal spot size sizes are 0.7λ (8.8mm)
and 0.67λ (8.4mm), respectively; and the metasurface lens has
a polarization. The ultra-surface lens is characterized by high
polarization conversion efficiency, high spatial resolution, mul-
tifunctionality, and small size, which has potential applications
in K-band satellite communications, wireless power transmis-
sion, and 24GHz vehicle-mounted millimeter-wave radar.
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