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Tightly focusing cylindrical vector beams (CVBs) are widely used in diverse applications from particle
trapping to high-resolution microscopy. Recently, planar metasurfaces have been proposed as promising
alternatives to traditional bulky optical devices for tightly focused CVB generation. However, few meta-
surfaces allow the generation and independent phase control of different CVBs. In this paper, cascaded
dual-channel transmissive metasurfaces that can be used to simultaneously generate different CVBs and
independently control their phases are designed. The polarization and phase of the transmitted waves are
controlled independently via only two geometric parameters. Under x- and y-polarized wave incidences,
the radially polarized beam (RPB) and azimuthally polarized beam (APB) are generated by a first meta-
surface. In addition, a second metasurface is used to produce different focal fields in different focal planes
under RPB and APB excitations. In such a proposed approach, the phase responses of the RPB and APB
are distinct, which is significantly different from existing designs. A regular polygonlike focus and a lateral
displacement of the focal spot are, respectively, realized in different focal planes at 7.8 GHz through dif-
ferent channels. Our approach improves the flexibility of focusing, allowing the generation of focal arrays
at different locations within the same focal plane. Since the electromagnetic energy can be confined to a
small specific zone in the microwave band, the proposed method can provide the basis for a number of
important applications in the medical domain, such as the accurate hyperthermia treatment of large area
tumors.
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I. INTRODUCTION

Traditional polarization manipulation usually involves
beams with homogeneous polarization distributions, such
as linear, elliptical, and circular polarizations. Recently,
vector beams with spatially inhomogeneous polarization
states have begun to be widely investigated due to the
additional degrees of freedom that they provide for wave
manipulation [1]. As a special type of such beams, cylin-
drical vector beams (CVBs) have axial symmetry in both
amplitude and phase [2]. CVBs have attracted inten-
sive research interest due to their unique properties in
tight focusing scenarios, which are different from beams
with a spatially homogeneous polarization distribution.
For example, the focal spot of a tightly focused radially
polarized beam (RPB) is significantly smaller than that of
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a linearly polarized beam since the former is dominated
by longitudinal field components. Because of their specific
tightly focusing characteristics, CVBs have been applied
in high-resolution imaging [3], plasmon excitation [4], and
communication systems [5]. In addition, a large variety of
focal fields with different strengths and polarization distri-
butions can be generated under tightly focusing conditions
[6–9].

Traditional approaches for CVB generation include
active and passive methods. Approaches of the former
type commonly involve the use of lasers with specially
designed components to force the electromagnetic (EM)
waves to oscillate in a circularly symmetric polarization
mode [10,11]. These methods allow the efficient genera-
tion of CVBs but the types of output CVBs are limited
and only a specific CVB can be obtained each time. Pas-
sive schemes mainly use devices with spatially varying
polarization characteristics such as spatial light modulators
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[12,13] and subwavelength gratings [14] to convert a beam
with a homogeneous polarization state to a CVB. In addi-
tion, these methods also contain components such as wave
plates and lenses. For example, Chen et al. proposed a
method for generating CVBs via the interference superpo-
sition of two beams in a 4-f system [15]. Although these
conventional methods successfully demonstrate the gener-
ation of CVBs, they usually require bulky optical devices
and the possibilities of device miniaturization and integra-
tion in other systems are severely limited. Moreover, the
modulation of CVBs is needed in some practical applica-
tions. For instance, the tight focusing of a CVB is usually
realized with additional lenses, which further increases the
complexity of these systems.

Metasurfaces, which are two-dimensional (2D) versions
of metamaterials, are composed of periodic subwavelength
artificial structures with an unprecedented ability to control
the polarization, phase, amplitude, and frequency of EM
waves [16]. In addition, metasurfaces exhibit the advan-
tages of low profile, low loss, and a relative ease of
fabrication, while allowing wave modulation and facili-
tating the integration of optical systems. By manipulating
the polarization, phase, and amplitude of light, several
functions have been realized using metasurfaces, such as
Bessel beam generation [17], vortex beam generation [18],
holography [19], polarization conversion [20], and focus-
ing [21]. Because of their powerful capability to modulate
EM waves, metasurfaces have been proposed to gener-
ate different CVBs [22–27], including RPBs, azimuthally
polarized beams (APBs), and vector vortex beams.

Recently, metasurfaces capable of both generating and
modulating CVBs have been reported. A radially polarized
Lorentz beam capable of performing CVB amplitude mod-
ulation has been achieved at terahertz frequencies with a
single-layer metasurface [28]. Metasurfaces have also been
designed to both generate and tightly focus a RPB, with a
sharp focus spot obtained in the focal plane [29,30], but
their operation is limited to x-polarized wave excitation
and, consequently, the designs are not flexible for dual-
polarization applications. In Refs. [31,32] dual-polarized
metasurfaces have been proposed to simultaneously gen-
erate and tightly focus a RPB and APB under orthogonal
linearly polarized wave illuminations. However, the con-
stituting meta-atom is designed as a half-wave plate, and
the phase responses of the RPB and APB are identical,
which does not allow independent modulation. Therefore,
these designs cannot be used to achieve different focal
fields with different phase responses of the RPB and APB.
In addition, the phase tuning in these metasurfaces is real-
ized by the tailoring of the shapes and dimensions of each
meta-atom, which usually requires simultaneous optimiza-
tions of several geometric parameters, making it almost
impossible to modulate the transmitted waves phase con-
tinuously. A multilayer metasurface allowing full control
over phase, amplitude, and the polarization state of light

by manipulating the complex amplitude of the orthogo-
nal polarization states has been proposed [33]. However,
its phase regulation method is complex and similar to
the designs reported in Refs. [31,32]. A transmissive geo-
metric metasurface with independent complex-amplitude
modulations of EM waves at two frequencies has been
proposed [34], but only operates for circularly polarized
(CP) waves. In addition, most of the mentioned meta-
surfaces can tightly focus CVBs at optical or terahertz
regimes, which limits their applications at lower frequen-
cies. For instance, microwave hyperthermia, an emerging
cancer treatment technique, requires an accurately focused
beam to heat the tumor tissues rather than healthy tissues
[35–38]. However, although a few metasurfaces generating
CVBs in the microwave band have been proposed [39,40],
these designs simply deal with the generation of CVBs
and do not allow further modulation, which hinders their
practical adoption in such real-life applications. Therefore,
designing dual-channel metasurfaces that can generate dif-
ferent CVBs and simultaneously produce different focal
fields under tightly focusing conditions presents significant
challenges in the microwave band.

Herein, a dual-channel coupling-propagation-decoupling
(CPD) meta-atom is proposed to simultaneously and inde-
pendently modulate the polarization and phase of two
orthogonal linearly polarized incident waves. The polariza-
tion and phase of the transmitted waves are independently
controlled through two geometric parameters. Then, uti-
lizing the proposed CPD meta-atoms, a first dual-channel
metasurface is designed to generate a RPB and APB at 7.8
GHz under x- and y-polarized incidence, respectively. A
second dual-polarized metasurface is designed to operate
as a combination of a lens and a phase diffractive optical
element (DOE), which can modulate the phase of a RPB
and APB independently. Finally, the two dual-channel
metasurfaces are cascaded to realize a regular polygonlike
flat-top focus and a lateral displacement of the focal spot
in different focal planes through two channels under tightly
focusing conditions. Most importantly, our design is not
based on the half-wave plate as in previous reported studies
[31,32]. By introducing a double-layer stripline structure in
designed meta-atoms, we successfully overcome the draw-
back of not being able to adjust the APB and RPB phases
independently. The proposed method paves a new way for
generating complex vector beams and focal fields, which
have great potential in microwave applications such as
hyperthermia treatment.

II. DESIGN AND DEMONSTRATION OF
METASURFACES FOR CVB GENERATION AND

MANIPULATION

A schematic illustration of the dual-channel transmis-
sive metasurfaces that generate and tightly focus the dif-
ferent CVBs at 7.8 GHz is shown in Fig. 1. The first meta-
surface (MS1) is illuminated by a linearly polarized plane
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FIG. 1. Schematic diagram of the dual-channel transmissive
metasurface that generates and tightly focuses azimuthally and
radially polarized beams from incident x- and y-polarized beams,
respectively. The insets shows the information about the azimuth
angles of four probes of meta-atom as θ1, θ2, θ3, and θ4, respec-
tively. In order to generate RPB and APB through the two
channels under x- and y-polarized wave illuminations, the θ1, θ2,
θ3, and θ4 of the meta-atoms for MS1 are chosen as θ1 = 0, θ2 =
π/2, θ3 = arctan(y/x), and θ4 = arctan(y/x) + π/2. To inde-
pendently modulate the generated APB and RPB, the θ1, θ2, θ3,
and θ4 of the MS2 meta-atom are set to θ1 = arctan(y/x), θ2 =
arctan(y/x) + π/2, θ3 = θ1 + π , θ4 = θ2 + π , respectively.

wave propagating along the z direction. After modula-
tion by MS1, the polarization of the output wave becomes
radial or angular when excited by x- or y-polarized waves,
respectively. The second metasurface (MS2) can modulate
the transmission phase of the RPB and APB independently,
and can be considered as a component that combines a
lens and a phase DOE. Based on the tightly focusing prop-
erties of the CVBs, the regular-polygon-like focus and
lateral displacement of the focal spot are realized in dif-
ferent focal planes (z = 200 mm and z = 150 mm) through
two channels when MS2 is illuminated by a RPB and APB,
respectively.

A. Design of constituting dual-channel meta-atom

Figures 2(a) and 2(b) show the structure of the designed
dual-channel meta-atom, which comprises of six layers of
metallic patterns with a thickness of 0.035 mm: top layer,
ground layer 1, line 1, line 2, ground layer 2, and bottom
layer. Five layers of Rogers 4350B substrates (labeled sub
1–5) with a dielectric constant εr = 3.55 and a loss tangent
tan δ = 0.0037, are used to separate the metallic patterns.
Their thicknesses are h1, h2, h3, h4, and h5, as shown in Fig.
2(a). The designed dual-channel meta-atom has a period
P. The top and bottom layers are square dual-polarized
patches with length P1, which are used to receive and trans-
mit EM waves, respectively. Ground layers 1 and 2, and
lines 1 and 2 form two striplines for the designed dual-
channel meta-atom. Lines 1 and 2 (with lengths L1/L2 and
a width w) guide the received EM waves and convert them
to arbitrarily polarized transmitted waves. In addition, lines

1 and 2 can also offer independent and linear phase delays
for the two channels. To avoid interference between the
two channels caused by the overlap of lines 1 and 2, sub 3
is used to separate them. Four probes with a radius ri are
marked using red circles in Fig. 2(b), and their positions are
(fx1, fy1), (fx2, fy2), (fx3, fy3), and (fx4, fy4), respectively,
while their corresponding azimuth angles are θ1, θ2, θ3,
and θ4. Ground layers 1 and 2 have two holes of radius
r0 at the locations of the probes to avoid short circuiting
them. The designed meta-atom is a dual-channel device,
where probe 1 (probe 2) and probe 3 (probe 4) are con-
nected by line 1 (line 2) to form channel 1 (channel 2).
For channel 1 (channel 2), probe 1 (probe 2) and probe 3
(probe 4) connect the top layer, line 1 (line 2) and the bot-
tom patch. θ1(θ2) ensures that the top patch can receive the
θ1-polarized (θ2-polarized) wave into the channel 1 (chan-
nel 2). Angle θ3 (θ4) determines that the bottom patch can
transmit the θ3-polarized (θ4-polarized) wave to the free
space through channel 1 (channel 2). Figures 2(c) and 2(d)
show the E-field distributions of the meta-atom when θ1 =
0, θ2 = π/2, θ3 = 3π/2, and θ4 = π and excited by x- and
y-polarized waves, respectively. For channel 1, when an
x-polarized incident EM wave illuminates the meta-atom
along the z direction, the top patch couples the incoming
EM wave to line 1 through probe 1 and we can observe
from Fig. 2(c) that the tangential E-field excites the propa-
gation mode in line 1. Then, the EM wave is delayed and
transmitted to the bottom layer through probe 3. Eventu-
ally, the bottom layer decouples the EM wave into a space
wave propagation with y polarization. Figure 2(d) shows
the E-field distribution when channel 2 of the meta-atom
is excited by a y-polarized wave. It can be observed that
the polarization of the transmitted wave becomes x polar-
ized. The E-field distribution around line 2 and line 1 is
similar, which means that the propagation mode of line 2
is excited in this case. Without loss of generality, the val-
ues of θ1 (θ2) and θ3 (θ4) can be chosen freely to achieve
arbitrary linear polarization conversion. However, to avoid
the polarization coupling between the two channels, which
would severely decrease their isolation, the azimuth angles
of four probes satisfy

θ2 = θ1 + π/2, θ4 = θ3 + π/2. (1)

To summarize, the designed dual-channel meta-atom can
achieve a linear polarization conversion of θ1 to θ3 (θ2 to
θ4) through channel 1 (channel 2).

To maximize transmittance of the designed dual-channel
meta-atom, impedance matching between line 1 (line 2),
top and bottom patches is necessary. The width w of line 1
(line 2) and the distance R from the four probes to the cen-
ter of the designed meta-atom are set to 0.5 and 2.3 mm,
respectively, to achieve a good impedance matching for
channel 1 (channel 2). The four probes of the meta-atom
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(a) (b)

(c) (d)

FIG. 2. (a) Schematic diagram of the meta-atom. (b) Close
view of the six metal patterns of the meta-atom. The dimensions
of the meta-atom are P = 10 mm, P1 = 9 mm, w = 0.5 mm,
r0 = 0.3 mm, ri = 0.2 mm, h1 = 0.76 mm, h2 = 0.2 mm, h3 =
0.25 mm, h4 = 0.2 mm, h5 = 0.71 mm, L1 = 8 mm, L2 = 8 mm,
R = 2.3 mm. The values of fx1, fy1, fx2, fy2, fx3, fy3, fx4, and fy4
vary according to θ1, θ2, θ3, and θ4. (c) The E-field distribution of
the meta-atom for channel 1 when θ1 = 0, θ2 = π/2, θ3 = 3π/2,
and θ4 = π and excited by an x-polarized wave. (d) The E-
field distribution of the meta-atom for channel 2 when θ1 = 0,
θ2 = π/2, θ3 = 3π/2, and θ4 = π and excited by a y-polarized
wave.

then satisfy the condition

√
fx2

i + fy2
i = R (i = 1, 2, 3, 4), (2)

fxi = R ∗ cos(θi), fyi = R ∗ sin(θi) (i = 1, 2, 3, 4).
(3)

Hence, the four probes vary on a circle of radius R =
2.3 mm to maintain a good impedance matching between
the top patch, the stripline, and the bottom patch. The
length of line 1 (line 2) can modulate the transmis-
sion phase delay of the θ3-polarized (θ4-polarized) wave
in channel 1 (channel 2). Unlike previous metasurface
designs, whose phase modulation usually involves the
optimization of several geometric parameters [29–32], the
transmission phase of the θ3-polarized (θ4-polarized) wave
can be adjusted linearly by changing the length of line 1
(line 2). The guided wavelength of the stripline can be
expressed as

λg = λ0/
√

εr, (4)

where λ0 = c/f0 represents the wavelength of EM waves
in free space, f0 = 7.8 GHz is the operation frequency, and
the guided wavelength of the stripline is λg = 20.5 mm.

The variation of the length �L1 (�L2) of line 1 (line 2)
results in a phase change of 2π ∗ �L1/λg (2π ∗ �L2/λg).
Thus, a phase change up to 360◦ in channel 1 (channel
2) can be achieved when �L1 (�L2) varies within 20.5
mm. In conclusion, the designed dual-channel meta-atom
can simultaneously and independently modulate the polar-
ization and phase of two orthogonal linearly polarized
incident waves.

B. Metasurfaces for generating and modulating CVBs

To generate a RPB and APB through the two channels
under different linearly polarized wave illuminations, each
meta-atom of MS1 should be able to arbitrarily control
the polarization of the transmitted waves while ensuring
an identical phase of the transmitted waves to achieve a
normal forward beam. According to the analysis in Sec.
II A, θ1 and θ2 of the meta-atoms for MS1 are chosen as
θ1 = 0 and θ2 = π/2 to ensure that the top patch can inde-
pendently receive x-polarized and y-polarized waves. We
define the polarization angle of the transmitted waves as
0◦ when it is along the +x direction. To obtain the ideal
RPB (APB) through channel 1 (channel 2) when the MS1
is illuminated by x-polarized (y-polarized) waves, θ3 and
θ4 of each MS1 meta-atom are θ3 = arctan(y/x) and θ4 =
arctan(y/x) + π/2, respectively, according to the polariza-
tion states of the RPB and APB. Here, (x, y) is the location
of each meta-atom on the MS1 as shown in Fig. 1. On the
other hand, the transmission phase of all MS1 meta-atoms
should be identical. Thus, L1 (L2) of each MS1 meta-atom
should be equal to ensure that they have identical transmis-
sion phases in channel 1 (channel 2) to produce a forward
RPB (APB).

The elementary meta-atoms of MS1 are simulated using
the commercial simulation software CST Microwave Stu-
dio. The transmittance T is plotted in Fig. 3(a) for θ3 values
of 30◦, 45◦, and 60◦ for the MS1 meta-atoms while illumi-
nated by an x-polarized incidence, and Fig. 3(b) shows the
transmittances of MS1 meta-atoms for θ4 values of 120◦,
135◦, and 150◦ under a y-polarized wave illumination. In
Figs. 3(a) and 3(b) the numbers inside the parentheses
denote the polarization angle of the transmitted waves, and
x and y in the subscript represent x- and y-polarized exci-
tation, respectively. As shown in Figs. 3(a) and 3(b), the
amplitudes of the θ3-polarized and θ4-polarized transmitted
waves remain above 0.9 at 7.8 GHz, which indicates that
the designed meta-atom of MS1 can achieve arbitrary lin-
ear polarization conversion in channel 1 (channel 2) under
x-polarized (y-polarized) wave illumination efficiently. To
independently modulate the generated APB and RPB, MS2
must be capable of independently modulating the phase
of the two channels. Although the designed meta-atom
can simultaneously and independently modulate the phase
and polarization of the transmitted waves, only phase
manipulation is required to tightly focus CVBs. Based on
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(a) (b)

(c) (d)

(e) (f)

FIG. 3. (a) Simulated transmittance of channel 1 for the MS1
meta-atom with different θ3 values of 30◦, 45◦, and 60◦ are
illuminated with x-polarized incidence. (b) Simulated transmit-
tance of channel 2 for the MS1 meta-atom with different θ4
values of 120◦, 135◦, and 150◦ are illuminated with y-polarized
incidence. (c) Simulated transmittance of channel 1 when the
meta-atom of MS2 is illuminated by incident waves with polar-
ization angles of 30◦, 45◦, and 60◦. (d) Transmission amplitude
and phase of channel 1 for the meta-atom of MS2 with different
L1 = 8 mm, L1 = 18.3 mm, L1 = 28.6 mm under 45◦ polar-
ized wave illumination. (e) Simulated transmittance of channel
2 when the meta-atom of MS2 is illuminated by incident waves
with polarization angles of 120◦, 135◦, and 150◦. (f) Transmis-
sion amplitude and phase of channel 2 for the meta-atom of MS2
with different L1 = 8 mm, L1 = 18.3 mm, L1 = 28.6 mm under
135◦ polarized wave illumination.

the meta-atom design method developed in Sec. II A, the
azimuth angles of the four probes for the MS2 meta-atoms
are set to θ1 = arctan(y/x), θ2 = arctan(y/x) + π/2, θ3 =
θ1 + π , θ4 = θ2 + π , respectively. It is worth noting that
probe 1 (probe 2) and probe 3 (probe 4) are 180◦ symmet-
rical, which only results in a constant 180◦ phase difference
between the incident and transmitted waves, while their
polarization angles remain unchanged.

Figure 3(c) shows the simulated transmittance of chan-
nel 1 when the meta-atom of MS2 is illuminated by 30◦,
45◦, and 60◦ polarized incident waves. The values of θ1
are 30◦, 45◦, and 60◦, while θ3 = 210◦, 225◦, 240◦, respec-
tively. The transmittances are higher than 0.9 at 7.8 GHz.

To illustrate the modulation of the transmitted waves in
channel 1 by L1, the amplitude and phase of the transmit-
ted waves are depicted in Fig. 3(d) when a MS2 meta-atom
with different L1 is excited by 45◦ polarized incident
waves. Here, subscripts 1, 2, and 3 denote three cases
where L1 = 8 mm, L1 = 18.3 mm, and L1 = 28.6 mm,
while the other geometric parameters of the meta-atoms
remain unchanged. We can observe that when the L1 dif-
ference is �L1 = 10.3 mm = λg/2 and �L1 = 20.5 mm =
λg , the corresponding phase difference is 180◦ and 360◦,
respectively. At the same time, the transmission ampli-
tude in all cases remains higher than 0.9 at 7.8 GHz.
Figure 3(e) shows the simulated transmittance of chan-
nel 2, where it can be observed that the transmittance at
7.8 GHz is still higher than 0.9. The transmission phase
and transmission amplitude of the MS2 meta-atom with
different L2 = 8 mm, 18.3 mm, 28.6 mm under 135◦ polar-
ization wave illumination are also shown in Fig. 3(f). The
transmission phase varies in a 360◦ range and the ampli-
tude for these cases is above 0.9 at 7.8 GHz. The two
channels do not influence each other since their polariza-
tions are orthogonal. Therefore, the designed dual-channel
MS2 meta-atom can efficiently modulate the transmission
phase of two independent channels without changing the
amplitude and polarization of the transmitted waves.

C. Design of metasurfaces for tightly focusing CVBs

In this section we analyze how the two dual-channel
transmissive metasurfaces can be employed to generate
and modulate different CVBs independently. The meta-
atoms of MS1 and MS2 are arranged according to the
polarization states of the RPB and APB. Both metasur-
faces with a similar size of 300 × 300 mm2 and containing
30 × 30 meta-atoms are used.

The regular-polygon-like focus and 2D lateral displace-
ment of the focal spot are realized in different focal planes
through the two channels, respectively. To achieve these
goals, a high NA lens and a phase DOE is required to
adjust the phase distributions of the different CVBs. Figure
4 illustrates the schematic diagram of MS2 tightly focus-
ing a RPB through channel 1. Hence, MS2 can be regarded
as a multifunctional device that integrates the function of
a lens as well as that of a phase DOE providing an addi-
tional phase distribution to the incident CVB. According
to Richards-Wolf theory [41], the electric field in the focal
plane (z = f1) with an RPB focused by a high NA lens can
be expressed as

E(x, y, z = f1) = [Ex Ey Ez]

= − ikf1
2π

∫ 2π

0

∫ β

0
sin(α)cos1/2(α)l(α)T(α, φ)

× exp ik sin α(x sin α + ycosα)

× [cos(α) cos(φ) cos(α) sin(φ) sin(α)]dφdα, (5)
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where x and y are Cartesian coordinates in the focal plane,
and Ex, Ey , and Ez are the components of the E-fields in the
x, y and, z directions, respectively. Here k = 2π/λ0 is the
wave number in free space, f1 represents the focal length of
the lens and satisfies the condition r = f1 ∗ sin α, where α

is the half convergence angle with a maximum value β =
sin(NA/n). The refractive index of the medium between
the focal plane and the lens is expressed as n, and φ and r
are the azimuth angle and radial coordinates on the DOE,
respectively. If the location of the MS2 meta-atom is (x, y),
its azimuth angle can be expressed as φ = arctan(y/x).
Since the dimension of the MS2 is 300 × 300 mm2, a suit-
able aperture stop radius is R1 = 150 mm. T(α, φ) is the
transmittance function of the DOE, which is used to char-
acterize the modulation of the incident waves by the DOE.
l(α) describes the phase and amplitude distributions of the
incident beam and a plane wave with l(α) = 1 is assumed
to be the illuminating source. In addition, NA = 0.75,
n = 1, and f1 = 200 mm are adopted in this design. To
achieve a regular-polygon-like focus with N edges through
channel 1 under RPB excitation, the MS2 used for RPB
phase modulation is divided into N (N = 3, 4, 5, . . .) equal
sector-shaped subareas to produce an N focal point array
in the focal plane, where each sector-shaped subarea has a
central angle of 2π/N . The phase distributions of the mth
subarea [42] is

Pm(x, y) = −k sin αr1[cos(φm + π/2) cos(arctan(y/x))

+ sin(φm + π/2) sin(arctan(y/x))]

m = (1, 2, . . . , N ), (6)

where m (m = 1, 2, . . . , N ) is the index of each subarea,
r1 is the distance from each focus spot to the origin of
the focal plane, φm is the angle bisector of the mth sub-
area, which can be expressed as φm = (2m − 1)π/N . As a
demonstration, N = 4 and r1 = 1.5λ are used in Eq. (6) to
design the DOE for regular-polygon-like focusing. Since
the designed meta-atom has a period P, the phase distri-
butions of the DOE and metasurfaces are discretized using
P = 10 mm. The phase of the focusing lens of channel 1 is
described using

Pf 1(x, y) = 2π/λ(

√
x2 + y2 + f 2

1 − f1). (7)

Then, the total phase distribution Pt1(x, y) on MS2 for
channel 1 is obtained through the superposition of the DOE
phase and focusing lens phase, and can be expressed as

Pt1(x, y) = Pf 1(x, y) + Pm(x, y). (8)

To investigate the modulation effect of the DOE on the
focal field distribution, the phase distribution of the MS2
and the corresponding E-field intensity distributions in the
focal plane z = 200 mm when r1 = λ, r1 = 1.5λ, r1 = 2λ

FIG. 4. Schematic diagram of tightly focused RPB beam with
DOE modulation for channel 1.

at 7.8 GHz are plotted in Fig. 5. As r1 increases, the four
spots gradually move away from the center of the focal
plane. A diamond-shaped focal spot is formed if r1 = λ

while a regular-polygon-like focus is obtained when r1 =
1.5λ. When r1 is further increased to 2λ, the E-field in the
focal plane becomes a focal array with four focal spots. In
summary, by changing the value of r1, a variety of focal
fields can be obtained using DOEs with different phase
distributions. Furthermore, a 2D lateral displacement of
the focal spot is realized through channel 2 when MS2 is
excited by an APB. Figure 6 shows the schematic diagram
for calculating the focused field with lateral displacement.
The transmitted field Et is the vector angular spectrum of
the focal field E under a tightly focused condition. The
E-field in the focal region then can be written as [43]

E(x, y, z = f1) = − ikf1
2π

∫ 2π

0

∫ β

0
P(α)Et(α, φ)

× exp(−ik
√

x2 + y2 sin α[(tan(y/x))−1)

− φ]) exp(ikz cos α) sin αdφdα, (9)

where A is a constant related to the focal length and wave-
length, (x, y, z) are the coordinates of the focal region, and
P(α) = 1 is the pupil function for incident waves adopted
in our design. The focal field E at any point (x, y) in the
focal region can be further written as the Fourier trans-
form (FT) of the weighted field Et under the high NA lens
focusing condition [42]. Based on the shift theorem of FT,
a 2D lateral displacement (�x, �y) of the focal spot can be
achieved by introducing a specific phase shift to the inci-
dent field. The phase-only expression controlling the 2D
lateral displacement of the focal spot in channel 2 of MS2
can be expressed as

P2d(x, y) = 2π

λ

NA
R1n

(x�x + y�y). (10)

Here the aperture stop radius is set to R1 = 150 mm. In
addition, the phase profile Pf 2(x, y) for focusing the APB
in channel 2 is obtained from Eq. (7), corresponding to a
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(a)

(b)

(c)

FIG. 5. Phase distributions of the DOEs and lens combined to achieve the total phase distribution for RPB modulation for channel
1 of MS2, and the E-field intensity distribution in the focal plane z = 200 mm: (a) r1 = λ, (b) r1 = 1.5λ, and (c) r1 = 2λ.

NA of 1 and a focal length f1 = 150 mm. The total phase
distribution on MS2 for a modulating APB is

Pt2(x, y) = Pf 2(x, y) + P2d(x, y). (11)

The E-field in the focal plane (z = f1) for a tightly focused
APB is calculated using Eq. (9). Figure 7(a) shows the cal-
culated focusing phase for the lens with NA = 1 and the
E-field intensity in the focal plane. Since only a focusing
phase is applied and there is no DOE modulation (�x =
�y = 0) in channel 2, a doughnut-shaped E-field pattern
of the focused APB is observed at the center of the focal
plane. Then, the phase distribution of the DOE for chan-
nel 2 obtained from Eq. (10) is applied when �x = λ and
�y = −λ. As shown in Fig. 7(b), the phase distribution
of the DOE is similar to a phase gradient, which is widely
used for beam deflection in metasurface designs. The phase
distribution for APB modulation is equal to the sum of
the phase on the DOE and the focusing phase. In addition,
the E-field intensity in the case of a tightly focused APB
with DOE modulation is shown in Fig. 7(b), and it can be
observed that the center of the focal spot moves from (0, 0)

to (λ, −λ). Thus, a position-controlled tight focal spot is
achieved via the additional phase modulation.

III. RESULTS AND DISCUSSION

MS1 is simulated to verify the design of the
dual-channel transmissive metasurface for RPB and APB
generation. The simulated E-field vectors of different chan-
nels in the plane z = 0 mm at 7.8 GHz with x- and
y-polarized wave incidences are shown in Figs. 8(a) and
8(e), respectively, and MS1 is placed in the z = −50 mm
plane in simulation. Note that the vector distributions of
the E-field are consistent with the polarization states of
the ideal RPB and APB. In addition, since the designed
meta-atom can efficiently achieve linear polarization con-
version and the E-field intensity distribution is uniform
in the xoy plane, as illustrated by the normalized mag-
nitudes of Ex and Ey of the RPB and the APB in Figs.
8(b) and 8(c) and Figs. 8(f) and 8(g), respectively. To
realize the tight focusing of different CVBs, the RPB
and APB generated using MS1 are used to illuminate

FIG. 6. Schematic diagram for calculating the focused field
with lateral displacement.
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(a)

(b)

FIG. 7. Phase distribution of DOEs and lenses for channel 2, total phase distribution for APB modulation for channel 2 of MS2, and
the E-field intensity distribution in the focal plane z = 150 mm. (a) �x = 0, �y = 0 and (b) �x = λ, �y = −λ.

MS2, which is capable of independently modulating their
phases. In the simulations, MS1 and MS2 are cascaded
at a distance of 50 mm since the wave front between
MS1 and MS2 needs to be redistributed during propa-
gation, which ensures that MS2 can be excited by the
ideal RPB or APB generated by MS1. Figs. 8(d) and
8(h) depict the simulated E-field distribution in the focal
planes z = 200 mm and z = 150 mm when MS2 is

illuminated by the RPB and APB through channel 1 and
channel 2 at 7.8 GHz, respectively. To realize the regular-
polygon-like focus when MS2 is excited by the RPB, the
value of r1 in Eq. (9) should be chosen judiciously. As
shown in Fig. 8(d), when r1 = 1.5λ, a regular-polygon-like
focus is obtained in consistency with the previous analysis,
and the distance from the four focal spots to the center of
the focal plane is 1.5λ. Furthermore, the tightly focused

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 8. (a) Simulated E-field vector for channel 1 of MS1 under x-polarized wave incidence in the z = 0 mm plane. (b) Simulated
normalized magnitude of Ex of RPB. (c) Simulated normalized magnitude of Ex of RPB. (d) Simulated normalized magnitude of
E-field in plane z = 200 mm when MS2 is illuminated by an RPB in channel 1. (e) Simulated E-field vector for channel 2 of MS1
under y-polarized wave incidence in plane z = 0 mm. (f) Simulated normalized magnitude of Ex of the APB. (g) Simulated normalized
magnitude of Ex of the APB. (h) Simulated normalized magnitude of E-fields in the z = 150 mm plane when MS2 is illuminated by
an APB in channel 2.
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(a) (b)

(c)

FIG. 9. Photograph of (a) MS1 and (b) MS2. (c) A 2D
schematic of the experimental setup.

spot of the APB is realized in the focal plane z = 150 mm
with a 2D lateral displacement (λ, −λ), as shown in Fig.
8(h). The simulated results in Figs. 8(d) and 8(h) agree well
with the calculated fields in Figs. 5(b) and 7(b).

To experimentally demonstrate the design approach,
MS1 and MS2 with dimensions of 300 × 300 mm2 are

fabricated using the conventional printed circuit board
technique, as shown in Figs. 9(a) and 9(b). The measure-
ments are performed in a microwave anechoic chamber
to avoid environmental interference. A field scanning sys-
tem as depicted in Fig. 9(c) is employed to measure the
E-field in different planes. A horn antenna acting as the
excitation source is placed 230 mm behind MS1. A waveg-
uide probe is used as the detector to measure the E-field
distribution in the scanning planes z = 200 mm and z =
150 mm. The excitation antenna and the waveguide probe
are both connected to a vector network analyzer (Agilent
E8363B) via coaxial cables. The detection probe is moved
over a scanning area of 300 × 300 mm2 with a step res-
olution of 7.5 mm to record the x and y components of
the E-field. To validate the performance of MS1, the E-
filed is first measured in the plane z = 0 mm under x- and
y-polarized wave illuminations. Figures 10(a) and 10(b)
show the measured Ex and Ey when MS1 is illuminated
by an x-polarized wave through channel 1. The measure-
ment results are consistent with the simulation results of
Figs. 8(b) and 8(c). Under y-polarized wave incidence, the
measured Ex and Ey in Figs. 10(d) and 10(e) are also con-
sistent with the simulation results in Figs. 8(f) and 8(g).
As depicted in Fig. 9(c), MS2 is placed at a distance of 50
mm in front of MS1 to tailor the phase of the APB and the
RPB independently. As shown in Figs. 10(c) and 10(f), the
two dual-channel transmissive cascaded metasurfaces can
achieve a regular-polygon-like focus and a focal spot with
a 2D lateral displacement in the focal planes z = 200 mm

(a) (b) (c)

(d) (e) (f)

FIG. 10. Measured normalized magnitude of (a) Ex and Ey in the plane z = 0 mm under x-polarized wave illumination of channel
1 of MS1. (c) Measured normalized magnitude of E-field in focal plane z = 200 mm under RPB illumination of channel 1 of MS2.
Measured normalized magnitude of (d) Ex and (e) Ey in plane z = 0 mm under y-polarized wave illumination of channel 2 of MS1. (f)
Measured normalized magnitude of E-field in focal plane z = 150 mm under APB illumination of channel 2 of MS2.
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and z = 150 mm, respectively. Ignoring the manufacturing
and measurement errors, the simulation and measurement
results are in good qualitative agreement. Thus, differ-
ent focal fields can be realized from the two cascaded
dual-channel metasurfaces under illumination of x- and
y-polarized waves through different channels.

IV. CONCLUSION

In this work we first design a dual-channel coupling-
propagation-decoupling meta-atom to control both the
phase and polarization of the transmitted waves indepen-
dently through a change of only two geometric parameters.
Then we propose a dual-channel transmissive metasurface
in the microwave range based on the designed meta-atoms
for CVB generation. Under the x- and y-polarized waves
incidence, the polarization of the output wave in channel
1 and channel 2 becomes radial and angular, respectively.
We also design a second metasurface, which can be seen
as a dual-channel device that combines a lens and a DOE,
to independently control the phase of the RPB and APB
and achieve tight focus of the vector beams. The two
dual-channel metasurfaces are cascaded to realize a reg-
ular polygonlike flat-top focus and lateral displacement
of the focal spot in different focal planes under x- and
y-polarized wave excitations, respectively. A good agree-
ment between theoretical, simulation, and experimental
results is obtained. Compared with reported studies, the
innovation of our design resides in the independent phase
and polarization modulation of different vector beams,
which greatly simplifies the design process. Furthermore,
our method has great potential in medical applications such
as microwave hyperthermia treatment since it can be used
to concentrate EM wave energy effectively and generate
various complex focal fields in specific areas. As a poten-
tial application, our design can be used to treat tumors on
the surface or very close to the surface, and the operating
frequency can be lowered to treat tumors located deep in
the tissue as our design approach can be transposed to other
frequencies.
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