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ABSTRACT: In this paper, analytical formulas for tensor holographic impedance metasurface (THIMS) are presented to generate circularly
polarized (CP) circular Airy orbital angular momentum (OAM) multibeams with flexibly independent control of the beam direction,
polarization, and OAM mode. As an example, a millimeter-wave THIMS is designed to generate CP circular Airy OAM dual beams:
Beam-I: (θ1 = 0, φ1 = 0, LHCP, l = +1, 36GHz), Beam-II: (θ2 = 0, φ2 = 0, RHCP, l = 0, 30GHz). To the knowledge of the authors,
there is very little literature on circular Airy beams that have been generated with THIMS. Compared with the published metasurface
on Airy beam, the created THIMS has the following advantages simultaneously: dual frequencies, dual CP, small size 30λ0 at 30GHz,
high conversion efficiency (CE) (above 40%), long nondiffractive distance (ND) (up to 134.4λ0), high OAM purity (above 89%), co-
modulation for polarization, beam direction and OAMmode. The generated circular Airy OAM beams can be used in near-field scenarios
such as high-efficiency wireless power transmission (WPT), high-capacity communication systems, and high-resolution imaging.

1. INTRODUCTION

In 2010, circular Airy beams with radial symmetric structurewere reported, which has non-diffraction and abrupt auto-
focusing characteristics [1]. A beam abruptly focuses its en-
ergy right before a target while maintaining a low-intensity pro-
file until focusing. It is crucial for many applications, such as
medical treatment [2] and the generation of a light bullet [3].
The Airy beam that carries OAM has non-diffraction and sud-
den self-focusing properties, as well as infinite dimensions,
which have great application potential in high data rates and
high-capacity communication systems. An Airy beam multi-
functional terahertz metasurface is proposed for multiple func-
tions under different polarization waves [4]. A 2-D Airy beam
with self-bending and non-diffraction characteristics is gener-
ated and verified at microwave frequencies by using a metasur-
face composed of a single-layer of strip resonator [5]. However,
it is difficult to obtain circular Airy multibeams with flexible
co-modulation of polarization, beam direction and OAMmode
by conventional technique. THIMS is a good solution, can si-
multaneously control frequency, polarization, and OAMmode,
and has high aperture efficiency (AE) [6]. In addition, it is con-
venient to realize arbitrary polarization by THIMS. Therefore,
THIMSs have attracted considerable attention recently [7–10].
However, to the knowledge of the authors, there is no work on
Airy beam generated by the THIMS.
In this paper, analytical formulas are presented for CP cir-

cular Airy OAM multibeams with flexible co-modulation of
SAM, OAM mode, and beam direction. As an example, a
millimeter-wave THIMS is designed for dual-frequency dual
CP circular Airy OAM beams. Compared with the published
metasurface on Airy beam, the created THIMS has the follow-
ing advantages: dual frequencies, dual CP, small size 30λ0
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at 30GHz, high CE (above 40%), long ND (up to 134.4λ0),
high OAM purity (above 89%), co-modulation for polarization,
beam direction, and OAM mode.

FIGURE 1. Schematic of the THIMS for circular Airy OAM beams.

2. DESIGN PRINCIPLE
The schematic of the THIMS for CP circular Airy OAM beams
is shown in Fig. 1. The THIMS is located in the xoy plane, and
the origin of the coordinate system is at the center. The THIMS
controls the electromagnetic wave by adjusting the surface
impedance distribution in the THIMS. The surface impedance
distribution calculation is described as follows. To generate
an objective wave, the value of the holographic modulated
impedance Z required at each position (x, y, 0) on the THIMS
can be derived from the interference between themth objective
wave and the excitation surface current

−→
J surfm [11]:

Z =

(
Zxxm Zyxm

Zxym Zyym

)
= jXmI + j

Mm

2
∑N

m=1

N∑
m=1{−→

E radm ⊗
−→
J +

surfm −
−→
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E+

radm

}
(1)
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where Zxxm and Zyym are tensor impedance components for
co-polarization, and Zxym and Zyxm are tensor impedance
components for cross-polarization. I is a 2 × 2 identity ma-
trix. N , +, and ⊗ are the number of object wave beams, the
Hermitian conjugate, and the Kronecker product, respectively.
Here, Xm and Mm are the average reactance and modulation
index of the surface impedance, and are calculated as follows:
X = (Zmax + Zmin)/2 and M = (Zmax − Zmin)/2. The ex-
pressions for Airy beam

−→
E radm and the exciting surface wave−→

J surfm are as follows:
−→
E radmR=

 ±j cos θm cosφm − sinφm,

±j cos θm sinφm + cosφm,

+j sin θm

 e−jΨm

−→
J surfm=

(x−xm,y,z)
rm(x,y)

e−jktm·t= (x−xm,y,z)√
(x−xm)2+y2

e−jktm·t

(2)

(±j cos θm cosφm − sinφm,±j cos θm sinφm + cosφm,
j sin θm) represents the CP beam in the direction of (θm, φm).
−→r m(x,y) = (x − xm, y, 0) represents the coordinate vector
from the excitation source at (xm, 0) to the (x, y) position of
the THIMS.

−→
k tm = (sin θm, 0, cos θm) is the transverse wave

vector, and Ψm is the compensated phase to generate the mth
circular Airy beam:

Ψm = arg
{
Ai

(
b0(m)

(
r0(m) − rm(x,y)

))}
+lm arctan

(
y

(x−xm)

)
2π

λ
−→r m(x,y) · −→u 0(m) (3)

where −→u 0m = (sin θm cosφm, sin θm sinφm, cos θm) is re-
lated to the propagation direction of the mth beam. lm, Ai(·),
and r0(m) represent the OAM mode, Airy function, and the
main ring radius in xoy plane at z = 0, respectively. The ini-
tial radius of the circular Airy beam is approximately equal to
(r0 + 1/b0). After a propagation distance zf (autofocus dis-
tance) in the z direction, the maximum deviation for the Airy
beam in the x direction is D = b30z

2
f/4k

2, where k = 2π/λ, λ
is the wavelength, and b0 is a constant, which can be obtained
by setting the desired zf and r0. The radius shrinkage of the
Airy beam from (r0 + 1/b0) to 0 is equivalent to the deviation
as follows [13]:

D = r0 + 1/b0 = b30z
2
f/4k

2 (4)

Here, r0 and zf are assumed to be 0.1A (A is the aperture size
of the THIMS) and 1080mm, respectively, and from Eq. (4),
b0 = 1.33r0.
From Eqs. (1)–(3), the surface impedance matrix compo-

nents are obtained:

Zxxm = Xm +Mm
x

rm(x,y)
cos θm

cos
(
kx sin θm − ktm · rm(x,y) +Ψm

)

Zxym = Mm

2


y

rm(x,y)
cos θm cos (kx sin θm

−ktm · rm(x,y) +Ψm

)
− x

rm(x,y)
sin (kx sin θm

−ktm · rm(x,y) +Ψm

)


Zyym = Xm +Mm

y
rm(x,y)

sin
(
kx sin θm − ktm · rm(x,y) +Ψm

)

(5)

where ktm can be determined by:

ktm =
√

k2xm + k2ym =
√
ϕ2
xm + ϕ2

ym/p (6)

k =
ω

c
=

2πf

c
(7)

where Φx and Φy are the phase difference of the master-slave
boundaries along x- and y-axes, respectively. p is the unit cell
size. The tensor impedance calculation requires huge account
operations, so in order to greatly simplify the design process
of the unit cell, the effective scalar impedance Ze = kz/k is
used, which is the function of tensor impedance components
and surface current direction θk as follows [11].

Ze =
kzm
k0m

=
{
−j

(
η20 − Z2

xym + ZxxmZyym

)

+


−
(
η20 − Z2

xym + ZxxmZyym

)2
+ 4η20

×
(
Zyymcos2θkm − Zxym sin 2θkm

+Zxxmsin2θkm
)

×
(
Zxxmcos2θkm + Zxym sin 2θkm

+Zyymsin2θkm
)



1/2


×
[
2η0

(
Zyym cos2 θkm − Zxym sin 2θkm

+Zxxmsin2θkm
)]−1 (8)

where η0 is the impedance in free space. The relationship be-
tween kz/k0 and θk is an elliptic curve by Eq. (8). The ma-
jor principal axis Zemax = (kz/k0)max is the best impedance
matching value, and the surface current direction would be
dominated at the orientation of the principal axes angle (θkmax).

3. UNIT CELL AND THIMS DESIGN
As an example, the millimeter-wave dual-frequency dual CP
circular Airy OAM beams are generated: Beam-I: (θ1 = 0,
φ1 = 0, LHCP, l = +1, 36GHz), Beam-II: (θ2 = 0, φ2 = 0,
RHCP, l = 0, 30GHz). Two feeds Jsurf1 and Jsurf2 are at
(x1 = 25mm, y = 0) and (x2 = −25mm, y = 0), re-
spectively. All simulated results are derived from High Fre-
quency Structure Simulator (HFSS). For the proposed struc-
ture, the average reactance X1 = 155Ω and reactance modu-
lation depthM1 = 60 at 36GHz, and X2 = 70Ω,M2 = 40 at
30GHz. (Φx1,Φy1) = (0◦, 90◦) and kt1 = 623.23 at 30GHz,
(Φx2,Φy2) = (0◦, 110◦) and kt2 = 837.76 at 36GHz. The
effective scalar impedance (kz/k)max at (x, y, 0) is calculated
by Eq. (8), and the (kz/k)max distribution in the THIMS is
in Fig. 2. When it is excited by Jsurf1 solely, the impedance
range is 52 ∼ 105Ω (Fig. 2(a)). When it is excited by Jsurf2,
the impedance range is 101 ∼ 186Ω (Fig. 2(b)). Then, the
total tensor holographic impedance Ztotal is obtained by the
impedance superposition principle, which is shown in Fig. 2(c).
A tensor unit cell in Fig. 3 is proposed to implement the effec-

tive scalar impedance (kz/k)max distribution map in Fig. 2(c).
The proposed unit cell consists of three layers of structurewith a
metal patch and ametal ground on each side of an F4B substrate
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(a)

(b)

(c)

FIGURE 2. (kz/k)max distribution maps: (a) excited at port-1 solely; (b)
excited at port-2 solely; (c) superposition results excited at dual ports.

FIGURE 3. THIMS unit cell simulation structure.

FIGURE 4. The relationship of (g, Zemax) at 30GHz and 36GHz. FIGURE 5. The relationship of (g, Zemax) at 30GHz and 36GHz.

(dielectric constant of 2.2 and thickness of 0.508mm calculated
according to [12]). The metal patch is a circular patch with an
elliptical slot. The unit size p = 2.5mm; the long axis a and
short axis s = 0.4∗a for the elliptical slot; the slot angle θt and
the distance g/2 between themetal patch and edge aremarked in
Fig. 3. In order to simplify the design of the unit cell,Ze is mod-
ulated by two degrees of freedom θt and g, and other geometry
parameters are fixed. The slot angle θt is close to the major
principal axis angle (θk)max, and the slot angle θt has a small
impact on Zemax = (kz/k0)max. Zemax is mainly determined
by geometry parameter g [11]. The simulated curves for Zemax
vs g are shown in Fig. 4 for 30GHz and 36GHz. When θt is
45◦, and g is from 0.2mm to 1mm, the surface impedance (Rs)
is in the range of 40 ∼ 96Ω and 106 ∼ 177Ω for 30GHz and
36GHz, respectively. The curves for Zemax vs g for 30GHz
and 36GHz are almost parallel, and the Rs at two frequency
points can be controlled independently. After obtaining sev-
eral discrete data sets of (g, Zemax), a polynomial formula for
the relationship between Zemax and g can be fitted as follows:

30GHz g =− 4.0× 10−6Z3
emax + 8.8× 10−4Z2

emax

− 0.1Zemax + 2.9

36GHz g =− 1.4× 10−6Z3
emax + 6.3× 10−4Z2

emax

− 1.0Zemax + 6.0

(9)

According to Eq. (9) and Fig. 2, the geometry parameter g at
position (x, y, 0) is obtained. θt = (θk)max. Then the unit cells
in the THIMS are decided.

The relationship between the slot angle θt and long axis di-
rection θkmax is simulated for g = 0.2mm. The curves for
Ze = αz/k0 vs θk are simulated for θt = 0◦, 45◦, 90◦, 135◦ at
30GHz, and θt = 0◦, 60◦, 120◦, 150◦ at 36GHz. The results
shown in Fig. 5 agree with the conclusion in [13]: The long axis
angle θkmax is close to slot direction θt, that is θt = θkmax.

4. SIMULATED AND MEASURED RESULTS

Figure 6(a1) is the E-field distributions in yoz plane at x =
25mm for Beam-I. The self-focusing occurs from z = 625mm
to 1200mm for LHCP, and ND is up to 1.12m, and long non-
diffraction distance is obtained. Fig. 6(a2) is the E-field and
phase distributions in xoy plane z = 450mm, 1050mm and
1200mm. For the LHCP component at 36GHz, the zero-
intensity area in the plane center and the helical phase pattern
indicate that the generated LHCP circular Airy OAM beam car-
ries OAM mode l = +1. The cross polarization component
(RHCP) is very little. Fig. 6(b1) is the E-field distributions
in yoz plane at x = −25mm for Beam-II. The self-focusing
occurs from z = 625mm to 1300mm, and the diffraction-
free distance is about 1.21m. The E-field and phase distribu-
tions in xoy plane at z = 450mm, 1050mm, and 1200mm
are shown in Fig. 6(b2). There is no helical phase pattern and
zero-intensity area in the plane center. The cross polarization
component (LHCP) is very little. Therefore, at 30GHz, the
zero-order RHCP circular Airy OAM beam is generated. Fig. 7
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(a1) (b1)(a2) (b2)

FIGURE 6. E-field distributions for LHCP and RHCP excited by port 1 and port 2 in yoz plane at x = 25mm and xoy plane at z = 450mm,
1050mm and 1200mm: (a) at 36GHz; (b) at 30GHz.

(a) (b)

FIGURE 7. Simulated OAM spectrum weight of the sampled in z =
1050mm plane: (a) LHCP at 36GHz; (b) RHCP at 30GHz.

(a) (b)

FIGURE 8. (a) The fabricated MS; (b) MS test environment.

TABLE 1. Comparisons with published Airy beam metasurface.

Ref. f0 (GHz) Feeder
OAM
mode

Aperture
size

D(λ0)

ZNDPD(λ0) ZNDPD/D
Polarization

mode

Conversion
efficiency

(η)

OAM
mode
purity

[4] 1300 Horn +1/+2/+3 — 4.35 —
Linear

polarization
— 73%

[5] 10 Horn — 11 — — LHCP — —

[14] 400 Horn — 53.3 26.7 0.5
Linear

polarization
90% —

[15] 5.86 Horn — 22 78 3.55
Linear

polarization
— —

[16] 47 Horn +1 70.5 391.7 5.56
Linear

polarization
— —

Our
work

Dual-frequency
(30/36)

Monopole 0/+1 30/36 121/134.4 4.03/3.73
Dual-polarization
(LHCP/RHCP)

42%/40% 89%/91%

shows that high OAM purities are obtained: 89% for Beam-I
with l = +1 at 36GHz, and 91% for l = 0 at 30GHz.
Figure 8(a) is the prototype, and its near-field test environ-

ment is shown in Fig. 8(b). The test equipment is an Agilent
N5230A-420 two-port network analyzer. Fig. 9 shows the sim-
ulated and measured electric field distributions in yoz plane
at x = 25mm/−25mm for Beam-I and Beam-II at 36GHz
and 30GHz. The simulated and measured results agree well.
The measured maximum diffraction-free distances are 1.00m
for Beam-I and 1.05m for Beam-II. The circular Airy beam
CE (η) can be defined as the ratio of circular Airy OAM beam
power P1(2) to the power (P0) emitted by the feeder [17]. P1

and P2 are the power of Beam-I and Beam-II, respectively. The
schematic for calculating the beam CE is in Fig. 10. The dis-

tance between the integral plane S with the size 150mm ×
150mm and the THIMS is about 1050mm. The calculated
maximum beam CE is 42% at 30GHz and 40% at 36GHz.
Table 1 presents comparisons with published Airy beam

metasurface antennas in feeder type, aperture size, −3 dB
non-diffraction propagation distance (ZNDPD), the radio of
ZNDPD/aperture size, polarization, and efficiency. Only our
result is realized by THIMS, has low profile due to the feed
from inside, and has the advantages of dual frequencies
30GHz/36GHz, long non-diffraction propagation distance
121λ0/134.4λ0, high conversion efficiency 42%/40%, and
high OAM purity 89%/91%. The THIMS can flexibly design
highly efficient multifunctional dual frequency CP circular
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FIGURE 9. Simulated and measured electric field distributions at f =
36GHz, 30GHz in yoz plane.

FIGURE 10. Schematic diagram of the beam conversion efficiency cal-
culation method.

Airy beams with flexible co-modulation of OAM mode,
polarization and beam direction.

5. CONCLUSION
In this paper, analytical formulas for THIMS are presented to
generate CP circular Airy OAMmultibeams with flexibly inde-
pendent control of the individual beam direction, polarization,
and OAM mode. As an example, a millimeter-wave THIMS
is designed to generate dual frequency dual CP circular Airy
OAM beams. The THIMS has the following advantages simul-
taneously: dual frequencies, dual CP, high CE (above 40%),
long ND (up to 134.4λ0), high OAM purity (above 89%), co-
modulation for polarization, beam direction, and OAM mode.
The design method can be used to flexibly design other CP cir-
cular Airy OAMmultibeams with independent control of OAM
mode, direction, and polarization.
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