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ABSTRACT: This paper proposes a spin decoupling phase gradient (SDPG)-scalar holographic impedance (SHI) bidirectional hybrid
metasurface (MTS). The integrated SDPGMTS modulates the space wave (SPW) and is excited by the horn, whereas the SHI-integrated
MTSmodulates the surface wave (SFW) and is excited by a surface-mounted monopole. As example, (1) Dual orbital angular momentum
(OAM) beams are generated at 18.3GHz by the integrated SDPGMTS at 18.3GHz: left hand circular polarization (LHCP) (OAMmode
l1= 1, θ1 = 30◦, φ1 = 0◦), right hand circular polarization (RHCP) (l2 = −1, θ2 = −30◦, φ2 = 0◦). (2) Linear polarization (LP)
pencil beam is generated at 7.8GHz by the integrated SHI MTS: (l3 = 0, θ3 = −150◦, φ3 = 0◦). The peak gain is 19.9 dBi, and the
OAM purity is above 84.7%. The novelty of the manuscript is as follows: (1) To the authors’ knowledge, a full-space SDPG-SHI hybrid
metasurface has been developed for the first time, which greatly expands the bidirectional multifunctional design freedom. (2) Much
higher aperture efficiency (AE) than published results. (3) The proposed SDPG-SHI hybrid MTS simultaneously possesses the following
advantages: small size (π × 719λ× 719λ at 18.3GHz, and π × 306λ× 306λ at 7.8GHz), full space, multibeams, multipolarization,
reconfigurability, and simultaneous modulation of SPW and SFW. The developed MTS has promising applications in high-capacity
bidirectional communication scenarios.

1. INTRODUCTION

MTS, with the advantages of low profile and easy fabrica-
tion, can provide functionalities beyond those obtained by

conventional devices. There are two kinds of MTSs: phase
modulation (manipulating spatially propagating waves) [1–9]
and impedance modulation (manipulating surface waves) [10–
12]. There are two types of phase modulations: propagation
phase and Pancharatnam-Berry (PB) phase, both of which alone
cannot control any pair of orthogonal polarizations and limit the
multifunctional design freedom. Spin decoupling MTS, inte-
grating both PB phase and propagation phase, provides a good
solution [1]. There are two types of impedance modulations:
scalar and tensor impedances. Tensor impedance MTS can si-
multaneously control beam direction, polarization, and OAM
mode with high AE, and attracts much more attention than SHI
MTS [13]. Scalar impedance surfaces generally support either
TM or TE surface wave modes. Most of the SHI unit cells
are designed on a grounded substrate, and the dominant sur-
face wave mode is TM type no matter whether the unit cells are
capacitive or inductive [14, 15]. The conventional TM mode
SHI MTS has low AE (< 10%) due to the utilization of a sin-
gle polarization [16, 17]. So this paper proposes a high AE TM
mode SHI MTS.
Multifunction devices are essential for modern integrated

systems and miniaturization. Active reconfigurable metasur-
faces can achieve multifunctionality and miniaturization but at
the cost of complex design, energy loss, and high costs. Con-
sequently, numerous multifunctional passive MTSs have been
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developed, such as those enabling polarization control, wave-
length multiplexing, OAM mode manipulation, spatial mul-
tiplexing, or simultaneous multiplexing of multiple physical
quantities [18]. However, these existing multifunctional MTSs
are typically composed of a single type of unit — such as SHI
MTS, tensor holographic impedanceMTS, or phasemodulation
MTS alone. Recently, hybrid MTSs (integrating two or more
types of units) have been proposed and significantly enhance
the design flexibility for multifunctional applications, such as
spin-decoupled MTSs [19], SHI-reflection phase hybrid MTSs
[20], and SHI-THI hybrid MTSs [21]. However, the works for
hybrid MTS are limited.
The above mentioned MTSs only function in half space. In

order to enlarge the beam coverage and increase the spatial
efficiency, full space MTSs works have been developed: A
transmission-reflection integrated full-space MTS with three
layers [22], a bidirectional TE mode SHI MTS with AE 26%
[23], and a bidirectional SHI MTS supporting both TE and TM
modes with total AE 33.9% [16].
According to the above research background, the following

conclusions are obtained: (1) Hybrid MTSs meet the demand
for modern integrated systems and miniaturization. (2) Full
space MTSs can enlarge the beam coverage and increase the
spatial efficiency. However, to the knowledge of the authors,
the published full space MTSs are phase or surface impedance
modulation alone, and there is no full space SPW-SFW hybrid
MTS. This paper develops a full space SDPG-SHI hybridMTS.
The highlights of this paper are as follows: (1) For the first time,
a single layer full space surface wave-space wave hybrid MTS
is provided. (2) Much higher TMmode SHI AE than published
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FIGURE 1. (a) Schematic diagram of the proposed SDPG-SHI hybrid MTS. For the unit: (b) top layer, (c) bottom layer, (d) Side view, (e) “+” shaped
metal with rotated angle α (PB phase).

results. (3) The proposed SDPG-SHI hybrid MTS simultane-
ously possesses the following advantages: small size, high SHI
AE 18.08%, full space, multibeams, multipolarization, recon-
figurability, and simultaneous modulation of SPW and SFW.
The paper is organized as follows. Section 2 is the design prin-
ciple, and Section 3 is the hybrid MS design. Simulated and
measured results are provided in Section 4, and Section 5 is the
conclusion.

2. DESIGN PRINCIPLE
Figure 1(a) shows the schematic diagram for the SDPG-SHI
hybrid MTS, which consists of three parts, the top layer metal,
middle layer (F4B substrate with relative dielectric constant
2.65), and bottom layer.

2.1. The Holographic Impedance Modulation Principle for SHI
MTS
In order to realize the object wave, the required scalar
impedance Z of the unit cell located at (x, y, 0) is derived from
the interferences between objective wave Ψobj and excitation
surface current Jsurf:

Z = j
[
X+MRe

(
Ψ∗

surfΨobj

)]
(1)

where X andM are the average reactance and modulation in-
dex of the surface impedance and calculated as follows: X =
(Zmax+Zmin)/2 andM = (Zmax−Zmin)/2. The excitation
surface current is as follows:

Jsurf =
(x, y, 0)

|r⃗|
e−jk⃗t·r⃗ (2)

where r⃗ and k⃗t are the position coordinate vector and wave vec-
tor of the surface wave, respectively.

kt =
√
k2x + k2y =

√
Φ2

x +Φ2
y/p (3)

where Φx and Φy are the phase difference of the master-slave
boundaries applied to x- and y-axis, respectively, and p is the
unit cell size.
The object wave is as follows:

ψobj = e−jk0xsinθex (4)

By Eqs. (1), (2), and (4), and [24], a modified calculation
formula for surface impedance Z of pencil beam is as follows.

Z =

{
j [X +M cos (k0x sin θ − ktr)] , x ≥ 0

j [X −M cos (k0x sin θ − ktr)] , x < 0
(5)

where k0 represents the wave number in free space.

2.2. The Propagation and PB phase Calculating Principle for
SDPG MTS
A horn with 3 dB beamwidth 19.2◦ and gain 19 dB at
position (0, 0, 230mm) is used to excite the SDPG
MTS. The phase distribution in the MTS satisfies the
generation of n OAM beams, and the compensation
phase ϕ(xy) for the unit cell at (x, y, 0) is in Eq. (6):

ϕ(x, y) =
2π

λ
H(x,y)︸ ︷︷ ︸

first term

+ arg


u⃗n∑
u⃗m

exp

j ·
2π

λ
r⃗(x,y) · u⃗m + lm × tan−1(

y

x
)︸ ︷︷ ︸

sec ond term



 (6)

where H(xy) is the distance between the phase center of the
horn and the unit cell, and λ is the wavelength in vacuum. The
first term is the compensated phase transferring the spherical
wave from the horn to the plane wave. The second term is the

phase compensation for generating the mth OAM beam in di-
rection −→um = (sin θm cosφm, sin θm sinφm, cos θm), and m
is in the range of 1 ∼ n.
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TABLE 1. Geometric parameter values of the SDPG-SHI integrated unit Cell.

Parameters p H g d L1 L2 L3 R

Value (mm) 10 3 3.5 0.1 0.4 1.3 0.2 3

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

FIGURE 2. Current at 18.3GHz for SDPG MTS unit: (a) Top side, (b) Bottom side. Current at 7.8GHz for SHI MTS unit: (c) Bottom side, (d) Top
side.

The proposed SDPG unit cell is used to implement the phase
at (x, y, 0) calculated by Eq. (6). Assume that the following
conditions are met: |rx| = |ry| = 1, ζx − ζy = π, where
rx(y) and ζx(y) are the reflection amplitude and phase (propaga-
tion phase) for the x- (y-) polarized wave, respectively. When
the reflective MTS is excited by a normal circular polarization
(CP) incidence, the Jones matrix of the outgoing wave is as fol-
lows [25]:

[
Eo

LL

Eo
RR

]
=

(
e(ζx−i2α) 0

0 e(ζx+i2α)

)[
Ei

L

Ei
R

]
(7)

where Ei
L, Ei

R, Eo
LL, and Eo

RR are the LHCP and RHCP in-
cident waves, co-polarized LHCP and RHCP outgoing waves,
respectively; α is the Pancharatnam-Berry (PB) phase. From
Eq. (7), the co-polarized outgoing wave is obtained, and the
crosspolarized outgoing wave is suppressed. The co-polarized
compensated phases at (x, y, 0) for LHCP and RHCP inci-
dences are as follows:

ϕ(x,y) =

{
ϕco−LHCP = ζx − 2α

ϕco−RHCP = ζx + 2α
(8)

From Eq. (6) and Eq. (8), the propagation (ζx, ζy) and PB (α)
phases can be calculated by Eq. (9).
When the spin decouplingMTS is excited by LHCP or RHCP

incident wave, the co-polarized reflective OAM beams are gen-
erated. Linearly polarized (LP) wave can be decomposed into
two equal LHCP and RHCP waves, and the reflective beams
for LP incidence are the summation of those for LHCP and
RHCP incidences. When the feed polarization is switched
from LHCP→RHCP→LP incidence, reconfigurable reflective
waves can be generated by the spin decoupling MTS.



α =
ϕco−RHCP − ϕco−LHCP

4

ζx =
ϕco−LHCP + ϕco−RHCP

2

ζy = ζx − π

(9)

3. SDPG-SHI HYBRID MTS DESIGN

As an example, the integrated SDPG part is designed for gener-
ating dual OAM beams at 18.3GHz: (LHCP, l1 = 1, θ1 = 30◦,
φ1 = 0◦) and (RHCP, l2 = 1, θ2 = 30◦, φ2 = 0◦). The in-
tegrated SHI part is designed for generating a pencil beam at
7.8GHz: (LP, l3 = 0, θ3 = 150◦, φ3 = 0◦). The integrated
SDPG part is excited by a horn located at (0, 0, 230mm), and
the integrated SHI part is excited by a monopole located in the
MTS center. All simulated results are obtained by Computer
Simulation Technology (CST).
The proposed SDPG-SHI integrated unit cell consists of

three layers: top layer metal (a circular patch surrounded by
a circular ring), middle layer (F4B substrate with relative di-
electric constant 2.65), and bottom layer (“+” shaped metal
surrounded by a circular ring). Figs. 1(b), (c), (d), (e) are the
top layer, bottom layer, side view, and “+” shaped metal with
rotated angle α of the integragted SDPG-SHI unit cell, respec-
tively. All geometry parameters are marked in Fig. 1, and the
optimized values are shown in Table 1. The current distribu-
tions are shown in Fig. 2. (1) For the SDPG unit at 18.3GHz: a)
In the top side, the current concentrates on the “+” shaped patch
(Fig. 2(a)), so the phase is controlled by the “+” shaped patch.
The propagation phase and PB phase for SDPG unit cell are
controlled by geometry parameters lx(y) and α, respectively.
b) As in Fig. 2(b), the circle ring (top side) has antiparallel cur-
rent distribution with the metal (bottom side), and the effective
current is in the current direction of the bottom metal, which
acts as the ground for the SDPG. So the “+” shaped patch (top
side) and the metal (bottom side) together act as the SDPG unit.
(2) For the SHI unit at 7.8GHz: a) In the bottom side, there is a
resonance current distribution with one wavelength path in the
circle ring (Fig. 2(c)), so the surface impedance is controlled
by the geometry parameter r. b) The circular patch (bottom
side) and the metal (top side) have antiparallel current distribu-
tions with the circle ring (bottom side) (Figs. 2(c), (d)), and act
as the ground of the SHI unit part. So the circle ring (bottom
side), circular patch (bottom side), and metal (top side) together
act as the SHI unit. Based on the current distribution analysis,
the SDPG and SHI units can be controlled independently.
To generate the object wave, the integrated SHI unit cell in

Fig. 1 is used to implement the scalar impedance Z at (x, y, 0)
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(a)             (b) (c) (d)

FIGURE 3. Simulated curves: (1) Surface impedance vs r at 7.8GHz: (a) for α = 0, lx(y) = 2mm, 4mm and 6mm, (b) for α = 0◦, 15◦, 30◦,
45◦, lx(y) = 2mm. (2) Phase shift or S11 magnitude vs lx(y) at 18.3GHz for α = 0◦, r = 3.6mm, 3.8mm, 4mm (c), PB phase vs α curves for
r = 3.6mm, 3.8mm, 4mm at 18.3GHz (d).

calculated by Eq. (5). The equivalent impedance for the pro-
posed unit is calculated by [26]:

Z = jZ0

√
1− (Φx +Φy)2c2

4p2ω2
(10)

where Z0, c, and ω are the impedance in free space, the light
speed in free space, and the angular frequency, respectively.
The phase differences of the unit along the x and y direc-
tions at 7.8GHz are (Φx, Φy) = (0, 110◦) and kt = 191.9.
Fig. 3 shows the curves of impedance Z (phase or S11 mag-
nitude) vs the geometry parameter. For the SHI unit cell at
7.8GHz in Fig. 3(a), the curves of impedance Z vs r overlap
for α = 0◦, 15◦, 30◦, 45◦, lx(y) = 2mm. In Fig. 3(b), the
curves of impedance Z vs r overlap for α = 0, lx(y) = 2mm,
4mm, and 6mm. The surface impedance Z is in the range of
215.8Ω ∼ 270.7Ω when r is 3.6mm ∼ 4mm as shown in
Fig. 3(a). Then, X = 242.7 and M = 26.5. The relation-
ship between Z and r is expressed by a polynomial formula as
follows:

Zemax = 7.55× 103 −
(
5.79× 103

)
+
(
1.49× 103

)
r2

−
(
1.24× 102

)
r3 (11)

To generate the object wave, the integrated SDPG unit cell
in Fig. 1 is used to implement the compensated phases (ζx, ζy,
α) calculated by Eq. (9). For the SDPG unit at 18.3GHz in
Fig. 3(c) under x- (y-) polarized incidence, the curves of phase
shift (ζx(y)) or S11 magnitude vs lx(y) for α = 0◦, r = 3.6mm,
3.8mm, 4mm overlap. When lx(y) increases from 2mm to
6mm, the phase shift range coving 360◦ is obtained, and the
S11 magnitudes are above 0.85. Fig. 3(d) shows the PB phase
vs α curves when lx(y) = 5mm, r = 3.6mm, 3.8mm, 4mm.
A linear relationship is observed between the PB phase and ro-
tation angle α, and the PB phase shift covers 360◦ when α is
from 0◦ to 180◦. The curves in Figs. 3(a), (b) overlap for dif-
ferent lx(y) or α values, indicating that the SDPG modulation
has no effect on SHI MTS. The curves in Figs. 3(c) and (d)
overlap for different r values, indicating that the SHI modula-
tion has no effect on SDPG MTS. Fig. 3 further validates that
the integrated SDPG and SHI MTS functions can be modulated
independently.
The SDPG-SHI integrated hybrid MTS, with size

π × 118mm × 118mm (π × 7.19λ × 7.19λ at 18.3GHz,
and π × 3.06λ × 3.06λ at 7.8GHz) shown in Fig. 1(a), is
formed by 420 unit cells. The integrated SHI MTS is designed

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

FIGURE 4. (a) The surface impedance distributionmap at 7.8GHz. The
phase compensation map maps at 18.3GHz: (b) for ζx. (c) for ζy . (d)
for α.

for a pencil beam at 7.8GHz: (LP, l3 = 0, θ3 = 150◦,
φ3 = 0◦). The surface impedance (Z) distribution map for
the SHI MTS calculated by Eq. (5) is shown in Fig. 4(a).
Then according to Fig. 3(a) and Fig. 4(a), the radius r of the
outer ring (bottom side) at (x, y, 0) position is determined.
The integrated SDPG MTS is designed for dual OAM beams
at 18.3GHz: (LHCP, l1 = 1, θ1 = 30◦, φ1 = 0◦), (RHCP,
l2 = 1, θ2 = 30◦, φ2 = 0◦). The phase compensation maps
for ζx, ζy , α calculated by Eq. (9) are shown in Figs. 4(b), (c),
(d), respectively. Then, geometry parameter lx(y) is obtained
according to Fig. 3(c) and Figs. 4(b), (c).

4. SIMULATED AND MEASURED RESULTS
The designed single layer hybrid MTS is fabricated. The top
and bottom sides are in Fig. 5(a), and the detailed drawings of
the top and bottom sides are also given. Fig. 5(b) is the mea-
surement environment in an anechoic chamber. The integrated
SDPGMTS part is excited by an LP horn with 3 dB bandwidth
18◦ and the gain 17 dB at (0, 0, 230 cm), and the integrated SHI
MTS part is excited by by a 10mm height monopole antenna
at the center. A KEYSIGHT E5071C Vector Network Ana-
lyzer (VNA) was used to test the E-field distribution. Fig. 6
shows the radiation patterns in the far field for the SDPG inte-
grated MTS at 18.3GHz. Fig. 6(a) is for LHCP incidence, and
an LHCP OAM beam is formed: (LHCP, l1 = 1, θ1 = 30◦,

(a) (b)

FIGURE 5. (a) The prototypes of themetasurface. (b) Themeasurement
environment SHI function.
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TABLE 2. The performance comparison between the developed SD-SHI hybrid MTS and published TM mode SHI, single layer full space MTS or
hybrid single layer MTSs. (Po and Re represent polarization and reconfigurability respectively).

MTS type Po mode size Re AE
[11] SHI (Half space) CP 0 12.5λ× 12.5λ No 16.45%
[16] SHI (Full space) LP 0 0.25π × 3.5λ× 3.5λ No 8.2% TM 25.5% TE
[21] SHI-THI (Half space) CP/LP +1/0 6.72λ× 76.72λ/10.8λ× 10.8λ No 14.93% SHI 23.3% THI
[20] SHI-PG (Half space) CP −1/+1 9.45λ× 9.45λ/21.5λ× 21.5λ No /
[28] THI (Full space) LP/CP 0 14λ× 14λ No 19.8%
[27] T-R (Full space) LP 0 6.67λ× 6.67λ No /
Ours SHI-SDPG (Full space) LP/CP 0/±1 π × 3.0λ × 3.0λ/π × 7.1λ × 7.1λ Yes 18% SHI 13.68% SDPG

(a) (b) (c)

(d)

FIGURE 6. The far-field radiation patterns at 18.3GHz of the SDPG
part for different incidences: (a) LHCP, (b) RHCP, (c) LP. (d) Simu-
lated and measured curves of AR vs θ for φ = 0◦ or 180◦.

φ1 = 0◦). Fig. 6(b) is for RHCP incidence, and an RHCP
OAM beam is formed: (RHCP, l2 = 1, θ2 = 30◦, φ2 = 0◦).
Fig. 6(c) is for LP incidence, and dual CP OAM beams are
formed: (LHCP, l1 = 1, θ1 = 30◦, φ1 = 0◦), (RHCP, l2 = 1,
θ2 = 30◦, φ2 = 0◦). That is to say, reconfigurable reflection
waves can be obtained by the SDPGMTS part when switching
incidence polarization from LCP→RHCP→LP. The simulated
and measured axial ratios (ARs) are given as in Fig. 6(d). The
center nulled OAM area is not LHCP or RHCP (AR > 3 dB),
and the doughnut area of the OAM beam is CP (AR < 3 dB).
The linear-to-circular polarization conversion ratio (ηcp) is cal-
culated according to [26], ηcp = 2AR/(AR2 + 1) = 95.6%.
Figure 7(a) is the simulated and measured far-field 2D ra-

diation pattern for the integrated SDPG MTS part at 18.3GHz.
The simulated and measured electric field patterns are shown in
Fig. 7(a). The simulated and measured gains are 19.9 dBi and
17.8 dBi, respectively, and the simulated and measured AEs are
13.6% and 8.1%, respectively. The energy density concentrates
in the designed dual OAM beam directions: (LHCP, l1 = 1,

(b)       

(a)       

(c)       

FIGURE 7. At 18.3GHz. (1) Simulated and measured 2D radiation
pattern (a), (2) TheE-field and phase distributions in the cross section
(190mm away from the MTS along the propagation direction) for the
dual OAM beams (LHCP, l1 = 1, θ1 = 30◦, φ1 = 0◦), (RHCP,
l2= −1, θ2 = −30◦, φ2 = 0◦): Simulated (b), and Measured (c).

θ1 = 30◦, φ1 = 0◦), (RHCP, l2 = 1, θ2 = 30◦, φ2 = 0◦), and
the cross-polarization RHCP (or LHCP) component is −15 dB
∼ −20 dB lower than the main beam energy density. Fig. 7(b)
is the simulated E-field and phase distributions for the dual
OAM beams (LHCP, l1 = 1, θ1 = 30◦, φ1 = 0◦), (RHCP,
l2 = 1, θ2 = 30◦, φ2 = 0◦) in the cross section (190mm away
from the MTS along the propagation direction), and the mea-
sured results are in Fig. 7(c). The zero-intensity area in the cen-
ter and helical phase pattern are clearly recognized. The phase
for the LHCP beam with mode number +1 presents a counter-
clockwise spiral distribution, and the phase for the RHCP beam
with mode number −1 presents a clockwise spiral distribution.
According to [29], the mode purities of the vortex beams in

the cross sections (190mm away from the MTS along the prop-
agation direction) are calculated. The simulated and measured
purities for the integrated SDPG part under LP incidence are
shown in Fig. 8, and are 81.9% for LHCP and 84.7% for RHCP.

(b)(a)

FIGURE 8. The OAM modes purity: for the LHCP OAM beam (a), for
the RHCP OAM beam (b).

The simulated and measured far-field radiation patterns for
the integrated SHI function part at 7.8GHz are in Fig. 9.
Fig. 9(a) is the simulated 3D radiation pattern, and Fig. 9(b) is
the simulated and measured normalized 2D radiation patterns.
The simulated and measured gains are 16.9 dBi and 15.8 dBi,
respectively, and the simulated and measured AEs are 18% and
14%, respectively.

(a) (b)

FIGURE 9. The simulated far-field radiation pattern (a), the simulated
and measured normalized 2D radiation patterns (b).

73 www.jpier.org



Huang and Liu

Table 2 shows the performance comparison between the de-
veloped SDPG-SHI hybrid MTS and published SHI MTS, sin-
gle layer full space MTS and hybrid single layer MTSs in MTS
type, polarization, size, AE. The SHI part of the developed hy-
brid MTS has the highest AE 18%, and the AEs of [27], [16],
and [21] are 16.45%, 8.2%, and 14.93%, respectively. For full
spaceMTS, [21], [28], and [27] refer to SHIMTS (non-hybrid),
tensor holographic impedance (THI) MTS (non-hybrid), and
transmission and reflection integrated phaseMTS, respectively.
To the best knowledge of the authors, SHI-SDPG full space
MTS is integrated for the first time. For hybrid MTS, [27] inte-
grates SHI MTS (surface wave modulation) and phase gradient
MTS (space wave modulation), but it only covers half-space.
The proposed SDPG-SHI hybrid MTS can modulate both sur-
face waves (SHI) and space waves (SDPG) and covers the full
space. The developed SDPG-SHI hybrid MTS simultaneously
possesses the following advantages: small size, high SHI AE,
full space, multi-polarization, multifunction, reconfigurability,
and simultaneous modulation of surface wave and space wave.

5. CONCLUSION
In this paper, an SDPG-SHI bidirectional hybrid MTS is devel-
oped, and the integrated SDPG and SHI MTSs can be mod-
ulated independently. Three beams are generated by the in-
tegrated SDPG-SHI MTS at different frequencies: (LHCP,
l1 = 1, θ1 = 30◦, φ1 = 0◦, 18.3GHz), (RHCP, l2= −1,
θ2 = −30◦, φ2 = 0◦, 18.3GHz), (LP, l3 = 0, θ3 = −150◦,
φ3 = 0◦,7.8GHz). The proposed SDPG-SHI hybrid MTS si-
multaneously possesses the following advantages: small size
(π × 7.19λ × 7.19λ at 18.3GHz, and π × 3.06λ × 3.06λ at
7.8GHz), the high SHI AE 18.08%, full space, multibeams,
multipolarization, reconfigurability, and simultaneous modula-
tion of SPW and SFW.
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