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Abstract

This article presents a polarization-insensitive 1-bit coding metasurface (CM) for

dual-band orbital angular momentum (OAM) beam generation. The meta-

surface unit cell is composed of two symmetric metal layers, which are separated

by a dielectric substrate. Each metal layer consists of an outer square ring, a

middle square ring, and an inner rhombus patch. By rotating the direction of

the inner rhombus patch to 0� and 90�, two states with out-of-phase transmit-

ting responses for both bands are achieved. An equivalent circuit is proposed to

analyze the design. The OAM beams are then realized by properly distributing

the two states on the metasurface aperture. A metasurface with 30 � 30

elements is designed, simulated, and experimentally demonstrated. The experi-

mental results agree well with the simulating ones, showing that 3-dB transmis-

sion bandwidths of 13.6–14.8 GHz and 26.7–27.7 GHz are realized in both Ku

and Ka bands, with the mode purities 0.89 and 0.73, respectively.
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1 | INTRODUCTION

Orbital angular momentum (OAM) is a type of electro-
magnetic wave that uses light waves to produce a unique
spiral wavefront, identified by Allen et al.1 OAM wave-
front presents the features of spiral phase distribution
and a phase singularity, which can be described by the
azimuth phase term exp �jlφð Þ (where l is the mode
number of OAM and φi the azimuth).2 Due to the unique
orthogonal property of different eigenstates of OAM
beams, OAM has become a hot research topic gradually
and has been widely applied in various fields of quantum
information, holographic imaging, astrophysics, applied
optics, and wireless multiplexing.3–9

There are numerous ways to obtain OAM beams in the
radio frequency, such as spiral phase plates,10 and antenna
arrays.11,12 However, there are several different issues in the
realization of OAM beams. For instance, the spiral phase
plates can only produce narrow-band OAM waves with a
single mode, and the antenna arrays require complicated
feeding networks, which greatly increase design complex-
ity. Metasurfaces, the two-dimensional counterpart of the
bulky metamaterials, have recently been studied to control
electromagnetic waves, thanks to their natural features of
low cost, low profile, and the strong capability to manipu-
late electromagnetic waves at smaller and more precise
scales.13–15Metasurfaces have also been studied for generat-
ing OAM beams. For instance, a reflective two-layer OAM

Received: 8 May 2022 Revised: 29 July 2022 Accepted: 28 August 2022

DOI: 10.1002/mmce.23397

Int J RF Microw Comput Aided Eng. 2022;e23397. wileyonlinelibrary.com/journal/mmce © 2022 Wiley Periodicals LLC. 1 of 8

https://doi.org/10.1002/mmce.23397

https://orcid.org/0000-0003-1836-1878
mailto:leizhao@cumt.edu.cn
http://wileyonlinelibrary.com/journal/mmce
https://doi.org/10.1002/mmce.23397
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmmce.23397&domain=pdf&date_stamp=2022-09-13


metasurface is proposed using Pancharatnam-Berry
(PB) phase, which can be applied to both linearly polarized
(LP) and circularly polarized (CP) waves.16 More PB phase-
based reflection-type,17,18 transmission-type19–23 and multi-
band devices have been proposed and widely studied,24–28

thanks to the simplicity of PB phase design and its advan-
tages in the design of ultra-wideband metasurfaces. How-
ever, reflective metasurfaces will cause feed blockage,
where the reflected wave may be affected by the feeding
antenna. In contrast, the incident and transmitted waves
are separated in different physical spaces and do not inter-
fere with each other for transmittingmetasurfaces.

In recent years, the concept of coding metasurfaces
(CM) was proposed to simplify the design of metasurfaces
by mapping each unit cell response to an N-bit state,
which provides greater freedom of operation than the tra-
ditional metasurfaces.29 CM has been extensively
researched to achieve various electromagnetic characteris-
tics and design different functional devices in the micro-
wave, terahertz, and acoustic regimes.30–34 Although CMs
have already greatly reduced the design complexity of
metasurface particles, high-bit CMs still meet many diffi-
culties to achieve complicated amplitude and phase
responses. Therefore, 1-bit CMs, the simplest CMs with
only two response states, have been attracting more and
more attention to realize various functions.35–37

In this article, we propose a 1-bit polarization-
insensitive transmitting CM using a two-layer structure
for dual-band OAM-beam generation. The metasurface is
characterized by a low profile, which operates at both the
Ku (13.6–14.8 GHz) band and Ka (26.7–27.7 GHz) band
with a transmitting efficiency higher than 0.7. The real-
ized mode purities of the two bands band are analyzed,
respectively, which are 0.89 at Ku-band and 0.73 at Ka-
band. Two +1 order OAM beams at the two bands are
generated simultaneously. The polarization-insensitive
feature is realized due to the cross-polarization transfor-
mation during the generation of OAM beams. Two out-
of-phase transmitting responses are used in the CM by
rotating the inner rhombus patch to 0

�
and 90

�
, respec-

tively. An equivalent circuit model is also proposed to
analyze the unit cell design. The proposed dual-band
OAM metasurface is verified by both full-wave simula-
tion and experimental demonstration in this letter.

2 | METASURFACE UNIT CELL
DESIGN

2.1 | Unit cell design

Figure 1 shows the conceptual illustration of the pro-
posed 1-bit OAM CM with a detailed unit cell structure.

The metasurface unit cell consists of two metal layers,
which are separated by a single-layer dielectric substrate
(Rogers RO3003, εr = 3, tangent losses = 0.001,
h = 1.524mm). Each of the metal layers is composed of
an outer square ring, a middle square ring, and an inner
rhombus patch. The symmetric dual-layer design is to
introduce two currents flowing in the same direction to
enhance the transmitting coefficient.38 The design
parameters of the unit cells are p = 10mm, s = 0.5mm,
b = 8mm, g = 0.5mm, l = 8mm, w = 3mm, e = 0.5mm.

By rotating the inner rhombus patch with an angle of
90�, two out-of-phase transmitting responses are
obtained, which are defined as states 0 and 1, respectively.
The operating principle of the proposed metasurface may
be understood with the help of Figure 2. The electrical
field of the y-polarized incident wave Ei is divided into
two orthogonal components Ei

v and Ei
u respectively. For

state 0, the incident EM wave can be expressed as

Ei ¼Ei
uþEi

v ¼uEi
ue

jϕþvEi
ve

jϕ ð1Þ

and the transmitted wave is expressed as

Et ¼utuEi
ue

j ϕþϕuð Þ þvtvEi
ve

j ϕþϕvð Þ ð2Þ

where ϕu, ϕv are the phases of the metasurface transmit-
ting coefficients and tu, tv are the amplitudes of the meta-
surface transmitting coefficients along the u- and v- axes,
respectively.

If the metasurface unit cell is resonant at the
v direction and nonresonant at the u direction, the trans-
mitting amplitudes tu, tv are same, but the transmitting
phases ϕu, ϕv have a 180� difference.39 The transmitting
electrical field Et composed of Et

v and Et
u is then rotated

by 90� clockwisely compared to the incident wave Ei,
suggesting that the unit cell achieves the polarization
conversion at the resonant band. To further understand
the principle of the polarization conversion, we perform
full-wave simulation of the transmitted amplitude and
phase responses of the state 0 unit cell under an incident
polarization along the u- and v- axes, respectively. The
full-wave simulation is performed using periodic bound-
ary conditions with the help of the commercial EM simu-
lation software CST Microwave Studio. The simulating
results are plotted in Figure 3, showing that the phase
difference (Δφ) between tu and tv by the anisotropy of the
metasurface is equal to 180� at the dual-band as expected.
Similarly, for state 1, the metasurface also converts the
incident wave into cross-polarization at the frequency
when the unit cell is resonant at u direction.37 The cross-
polarization transmitting coefficient for the x-polarized
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incident wave has the same response as the y-polarized
incident wave.

Figure 4 plots the full-wave simulating cross-
polarization transmitting coefficients and phase differ-
ence of the two states of the proposed unit cell when the
polarization direction of the incident wave along the y-
axes. It shows that in the bands of 13.6–14.8 GHz and

26.7–27.7 GHz, two states with high cross-polarization
transmitting efficiency (larger than 0.7) and out-of-phase
response are obtained. Since the structure is symmetric
along both the x- and y- axes, the cross-polarization trans-
mitting coefficient for the x-polarized incident wave has
the same response as the y-polarized incident wave.

Figure 5A plots the influence on the transmitting coef-
ficient introduced by changing l, showing that the length
of l determines the lower transmitting frequency. Simi-
larly, in the upper frequency band, as shown in Figure 5B
also plots the influence on the transmitting coefficient by
changing w, showing that the length of w determines the
upper transmitting frequency. Since the structure is sym-
metric along both the x- and y- axes, the cross-polarization
transmitting coefficient for the x-polarized incident wave
has the same response as the y-polarized incident wave.

2.2 | Equivalent circuit model analysis

Figure 6 illustrates the corresponding equivalent circuit
model (ECM) model of the proposed metasurface, where

FIGURE 1 Conceptual illustration

of the proposed 1-bit orbital angular

momentum coding metasurface with a

detailed unit cell structure

FIGURE 2 Polarization conversion principle of the

metasurface unit cell. (A) State 0. (B) State 1

FIGURE 3 Full-wave simulating results of the transmitting

coefficient and phase difference, when the incident wave

polarization direction is along u- axes and v- axes, respectively

FIGURE 4 Full-wave simulating results of the cross-

polarization transmitting coefficient and phase difference for the

two metasurface states
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Z0 is the wave impedance of free space, which is 377Ω,
Zd is the impedance of equivalent transmission line cor-
responding to the substrate, which is Z0=

ffiffiffiffi
εr

p
. The outer

square rings and middle square rings of the metasurface

are modeled by a pair of resonators composed of L2, C2,
and L3, whose values are L2 ¼ 2 nH, C2 ¼ 0:037 pF,
L3 ¼ 118 nH, respectively and obtained by40:

C2 ¼ 1:6p
ωλ

lncsc
πg
2p

� �
þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� p
λ

� �2q
2
64

3
75 ð3Þ

L2 ¼X1

ω
¼ p
ωλ

lncsc
πs
p

� �
þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� p
λ

� �2q
2
64

3
75 ð4Þ

L3 ¼
2 X1

���X2

� 	
ω

ð5Þ

where X2 is derived as

X2 ¼ 0:8
p
λ

lncsc
πs
p

� �
þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� p
λ

� �2q
2
64

3
75 ð6Þ

in which λ is the wavelength of the wave in the free
space. The rhombus patches are modeled as the other
pair of resonators with the inductor L1 and capacitor C1,
which are optimized as L1 ¼ 10:51 nH, and C1 ¼ 0:002
pF. Figure 7 plots the comparison of the unit cell trans-
mission coefficient between the ECM simulation and
full-wave simulation results. It shows that the ECM simu-
lation result agrees well with the full-wave simulation,
which demonstrates the effectiveness of the ECM.

3 | METASURFACE DESIGN

A full metasurface with 30 � 30 elements to generate the
+1 mode OAM beam is designed based on the proposed

FIGURE 5 Parameter sweeping

effects for both lower and upper bands.

(A) Lower band. (B) Upper band

FIGURE 6 Equivalent circuit of the proposed metasurface

unit cell

FIGURE 7 Comparison of the unit cell transmission

coefficient between the equivalent circuit model simulation and

full-wave simulation results
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unit cell. The design process may be divided into the fol-
lowing three steps. The first step is to calculate the ideal
OAM phase distribution φi x, yð Þ for a planar incident
wave, which may be calculated by

φi x, yð Þ¼ l � tan y
x

� 	
ð7Þ

where l is the mode of the OAM. The second step is to
compensate for the phase deviation introduced by the
spherical wavefront radiated by the feeding antenna. The
compensating phase distribution φc x, yð Þ is obtained by

φc x, yð Þ¼ 2π
λ
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þ y2ð ÞþF2�F

q� �
ð8Þ

where F is the distance between the metasurface and
feeding antenna as shown in Figure 1 The practical OAM
phase distribution of the metasurface is then calculated
by summing the ideal phases and the compensating
phases, which is

φp x, yð Þ¼φi x, yð Þþφc x, yð Þ ð9Þ

Finally, the 1-bit quantization is realized by equally
dividing a phase period (0

�–360�
) into two subdivisions,

and the practical phase φp x, yð Þ within each subdivision
is assigned to be a discrete phase, either 0

�
or 180

�
. The

quantized phase φq x, yð Þ is then computed as

φq x, yð Þ¼ 0 ∘ , 0 ∘ ≤φp x, yð Þ<180 ∘

180 ∘ , 180 ∘ ≤φp x, yð Þ≤ 360 ∘

(
ð10Þ

Figure 8 shows the structure of the designed metasur-
face based on the phase distribution obtained by Equa-
tion 10. Figure 8A shows the state distribution of the
metasurface, where state 0 is corresponding to the phase
φq x, yð Þ¼ 0�, while state 1 is corresponding to the phase
φq x, yð Þ¼ 180�. Figure 8B shows the photo of the fabri-
cated metasurface prototype.

4 | METASURFACE RESULTS AND
DISCUSSION

In order to validate the propose CM, full-wave simulation
using software CST Microwave Studio is performed for
the designed metasurface, and the near-field phase distri-
bution and far-field patterns of the fabricated metasur-
face are measured in the experiment. The LP horn
antenna (LB-62-20-C-SF) working at the lower frequency
and the LP horn antenna (LB-180400H-KF) working at

FIGURE 8 Full metasurface design.

(A) States distribution. (B) Photo of

fabricated metasurface prototype

FIGURE 9 The simulated and

measured near-field phase distribution

of the metasurface at the two operating

frequencies. (A) 14.4 GHz. (B) 27.4 GHz

LI ET AL. 5 of 8



the upper frequency are set as the feeding source.
Figure 9 plots the simulated and measured near-field
phase distribution of the metasurface at the two operat-
ing frequencies, 14.4 and 27.4 GHz, respectively. In the
near-field measurement, the distance between the feed-
ing antenna and the metasurface F is set as 200 mm. In
both frequencies, the l = +1 mode spiral phase distribu-
tion are clearly observed. These generated phase distribu-
tions of E-field exhibit the characteristics of OAM beams
with spiral phase distributions, which is due to the phase
singularity at the central region. There is some distortion
in the measured results, which may be caused by the fact
that the feeding position is not completely consistent
with the center of the metasurface.

Figure 10 shows the far-field experiment setup. A pair
of LP horn antennas are set as the transmitter and
receiver, respectively. Both the receiver and transmitter
are connected to the two ports of a vector network

analyzer (VNA). The transmitter and the metasurface pro-
totype are fixed together on a turntable. By rotating the
turntable, the far-field radiating pattern of the metasurface
is picked up by the receiver and measured by the VNA.

Figure 11 plots the simulated and measured far-field
pattern of the metasurface at the two operating frequen-
cies, 14.4, and 27.4 GHz, respectively, where Figure 11A
plots the far-field pattern at 14.4 GHz and Figure 11B
plots the far-field pattern at 27.4 GHz. The simulated and
measured results agree well with each other and a null is
observed at the normal direction for both frequencies as
expected. The measured maximum transmitting gain of
the metasurface is around 20 and 16 dBi at 14.4 and
27.4 GHz, respectively.

To further verify the reliability of the proposed
method, the power spectrum of these OAM beams gener-
ated by the designed metasurface is calculated using the
discrete Fourier transform algorithm. The Fourier rela-
tionship between the OAM spectrum Al and the corre-
sponding sampling phase ψ(φ) can be expressed as17:

ψ φð Þ¼
Xþ∞

�∞
Al exp jlφð Þ ð11Þ

Al ¼ 1
2π

Z 2π

0
ψ φð Þexp �jlφð Þdφ ð12Þ

where ψ(φ) refers to the discrete sampling phase value in
the sampling plane, exp �jlφð Þ is the harmonic related to
the spiral phase front.

According to the sampling phase, the mode purity of
OAM is calculated by normalizing each OAM mode spec-
trum to the total spectrum of all OAM modes, namely

Mode purity Energy Weightð Þ¼ AlP3
l¼�3Al

ð13Þ
FIGURE 10 The measurement setup for the orbital angular

momentum metasurface

FIGURE 11 The simulated

and measured far-field pattern

of the metasurface at the two

operating frequencies.

(A) 14.4 GHz. (B) 27.4 GHz
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Figure 12 plots the simulated mode purity of OAM
beams for the proposed metasurface, where Figure 12A
plots the mode purity at 14.4 GHz, while Figure 12B plots
the mode purity at 27.4 GHz. It can be seen that most of
the power is concentrated within the generated OAM
mode, only a few parts of the power extend to the neigh-
boring OAM channels. The calculated mode purities of
OAM beams with l = +1 are 0.89 at the lower frequency
and 0.73 at the upper frequency, respectively.

Finally, a comparison between our work and recently
reported ones in the thickness, frequency, mode purity,
and gain are provided in Table 1. Our design has the
clear advantages of the dual-band, compact design, and
relatively high gain compared to other works.

5 | CONCLUSION

A double-layer 1-bit transmitting CM for the effective
generation of dual-band OAM waves is presented in this
article. The proposed metasurface unit cell is studied by
both operating principle and ECM analysis and is demon-
strated by both full-wave simulation and experiment.
When the OAM mode of l = +1 with mode purities over
0.73 at the dual-band. The proposed double-layer meta-
surface with the advantages of simple structure and high

efficiency may find wide potential in future millimeter-
wave wireless transmission systems.
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