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Abstract. In this paper, the mechanism of vortex electro-
magnetic wave generated by coding metasurface is studied, 
and the shortcomings of this method found through this 
research, what is more, the reasons for its production are 
analyzed and summarized. The genetic algorithm is pro-
posed to optimize the arrangement of the encoded metasur-
face, to improve the angle convergence between the main 
lobes of the vortex electromagnetic wave, which is condu-
cive to the next transmission detection work. In order to 
verify this method, two units with phase difference of 180° 
are designed, and the vortex electromagnetic wave with 
orbital angular momentum of 1 produced. Finally, the fab-
ricated sample is measured, and the results are in good 
agreement with the simulation results. 
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1. Introduction 
With the rapid development of wireless communi-

cation technologies for information exchange, the popu-
larity of mobile terminals has gradually increased, and the 
mobile Internet has shown an explosive development trend. 
In order to meet the growing demand for mobile data ser-
vices, there is an urgent need for a new generation of wire-
less mobile communication technology with higher speed, 
the MIMO system has received widespread attention [1–3]. 
Among them, orbital angular momentum technology has 
become a research hotspot in wireless communication as 
a multiplexing technology [4]. 

Orbital angular momentum (OAM) was first dis-
covered in beams in 1992 [5]. Since then, the vortex elec-
tromagnetic wave carrying OAM has been widely con-
cerned [6–10]. In the initial study, OAM was mainly con-
centrated in the field of optics. Since 2007, the concept of 
OAM was extended to the microwave band and simulated, 

using phased array antennas to generate OAM vortex 
beams [11]. Since then, other techniques such as spiral 
phase plate (SPP) [12], hologram [13], and circular travel-
ing wave antenna [14] have also been applied to generate 
OAM vortices in the radio band. 

In recent years, the electromagnetic metasurface's 
powerful ability to regulate electromagnetic waves has at-
tracted more and more people's attention [9], [15–19]. In 
view of this, a new method for generating OAM vortex 
radio beams using electromagnetic metasurface is proposed 
[20]. By adjusting the phase distribution of the metasurface 
unit, phase adjustment of the incident wave produces 
a corresponding vortex electromagnetic wave, and is com-
bined with other properties of the electromagnetic wave to 
regulate [21–23]. However, the design difficulty is too 
large because the unit control phase should reach 2π and 
the feed incidence should be considered to maintain the 
performance of the unit at a large incident angle. In 2018, 
Zhang Di proposed using a 1-bit metasurface to generate 
vortex electromagnetic waves, which reduced the difficulty 
of unit design [24]. However, there are still problems that 
cannot be ignored in the research. With the increase of the 
orbital angular momentum, the vortex electromagnetic 
wave generated by the 1-bit unit has more clutter and the 
distance between the two main lobes increases, which will 
undoubtedly increase the difficulty of detection. Conducive 
to the further transmission of vortex waves. 

In this paper, the problems of coding metasurface are 
analyzed in depth. And the genetic algorithm is used to 
optimize the arrangement of cells to improve the perfor-
mance of vortex electromagnetic waves. Firstly, the reason 
for generating eddy electromagnetic wave clutter on the 
metasurface is analyzed. The genetic algorithm is used to 
optimize the unit arrangement, at the same time, the dis-
tance between the two main lobes is reduced, and the ener-
gy is concentrated on the required vortex wave. Then, 
a transmissive metasurface was designed and simulated, 
fabricated and measured experimentally to verify the valid-
ity of the numerical calculation. Finally, the work of this 
paper is summarized. 
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2. Coded Metasurface Analysis 

2.1 Coded Metasurface Vortex Wave 
Generation Principle 
In Fig. 1, a schematic diagram of the transmission of 

the metasurface vortex wave of the double-layer medium 
transmission is shown, and Figure 1(b) is a schematic dia-
gram of the vortex wave generated by the metasurface of 
the feed wave incident transmission type. u0 is the transmit-
ted wave direction vector, rmn is the position vector at point 
(m, n), rf is the vertical distance from the feed to the surface, 
r0 is the wire vector pointed to by the feed point (m, n), φmn 
is the angle between rmn and the y axis, θ is the angle 
between r0 and the z axis. 

 
                          (a)                                                     (b) 

Fig. 1. The schematic diagram of vortex wave generated by 
transmission-type metasurface: (a) The diagram of 
vortex wave generation of transmission metasurface 
with double-layer; (b) The schematic diagram of 
vortex wave generated by feed-source wave 
transmission metasurface. 

As can be seen from Fig. 1, with |rmn| increasing, the 
unit is far from the center of the surface. It is difficult that 
when the incident wave is the feed wave, the unit needs to 
maintain good unit characteristics, that is the phase differ-
ence and transmittance at different incident angle remain 
stable. In order to reduce the design difficulty, this paper 
proposes to use the coded metasurface to reduce the phase 
control requirements of 0~360°.The metasurface unit phase 
distribution can be obtained by (1), M and N are the num-
bers of units in the x-direction and y-direction of the 
metasurface, F is the feed function, and A is the metasur-
face function. After simplification, we can get (2). φc

mn is 
the phase required at (m, n), and l is the orbital angular 
momentum, and φc

mn can be obtained from (3) and the 360° 
phase control is discretized into k parts, and the value of j 
can be obtained (0 ≤ j ≤ k). 
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Fig. 2.  (a) The diagram of the formula: 
c

0 mn f mn mn mnk lφ ϕ − + ⋅  + = r r r u . (b) The compensat-

ing phase distribution when the vortex electromagnetic 
wave of l = 3 is generated by the feed wave into the 
metasurface. 
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Figure 2(a) illustrates the principle that the feed inci-
dence is quasi-continuous (Q-C, a sufficiently large surface, 
a sufficient number of cells, and a high degree of compen-
sating phase continuity). The metasurface provides a prin-
ciple for compensating the phase-generated vortex wave, as 
can be seen from the compensation phase that needs to be 
provided when the feed incident on the metasurface is di-
vided into two parts, one part is the phase compensation 
caused by the distance from the feed to the surface, calcu-
lated by k0|rmn – rf|, which mainly affects the focusing 
characteristics of the vortex electromagnetic beam; the oth-
er part is the phase compensation required for the vortex 
wave formed on the incident surface of the plane wave, the 
size of which is lφmn. It mainly affects the vortex character-
istic of the vortex electromagnetic beam, that is, the mode 
purity of the vortex wave. 

Figure 2(b) is the compensation phase distribution re-
quired to generate the vortex electromagnetic wave of l = 3 
when the source wave and the plane wave are incident on 
the metasurface. It can be seen that the factor causing the 
central phase disorder is mainly due to the fact that the 
metasurface unit cannot be approximated as a point. There-
fore, when a single unit is on the boundary line of phase 
change, a single unit cannot provide a variety of different 
phases, thereby causing phase chaos, as shown by the dot-
ted line portion of the plane wave incident in the figure, it 
can be seen that if it is an ideal metasurface (if the number 
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of surface elements is infinite, each unit can be approxi-
mated to one point), then the phase compensation should be 
0° and 180° on both sides of the dotted line, and the coded 
metasurface passes through some units in the dotted line, 
resulting in phase compensation of 0° and 180° is not pos-
sible in the same unit. This is not obvious when moving 
away from the center. As it gets closer to the center, the 
distance between the boundaries decreases, causing a unit 
to be crossed by multiple boundaries. Since the cause of 
this problem is the problem of the unit relative to the size 
of the metasurface, that is, the number of cells, even if the 
feed wave is incident, the problem still exists at the center 
of the metasurface, as shown in Fig. 2(b). 

It can be seen from Fig. 3(a) that when the orbital an-
gular momentum increases, the angle between the two 
main lobe increases. When the orbital angular momentum 
increases from 3 to 5, the two main lobes of the pattern 
(recorded as ML1) are generated. Two lower main lobes 
(denoted as ML2) have been analyzed and found to be vor-
tex electromagnetic waves with an orbital angular momen-
tum of 1. The reason is the central phase chaos, the number 
of elements fixed, and the orbital angular momentum in-
creasing, the boundary line passing through the central 
phase unit is more, in other words, the probability of muta-
tion is greater. As can be seen from Fig. 3(b), ML2 weak-
ens as the surface size increases. Here, the mode purity is 
defined. MP = AML2 / (AML1 + AML2) represents the propor-
tion of vortex electromagnetic waves carrying ML2 in all 
modes of vortex electromagnetic waves generated, AML1 
and AML2 represent the electric field strength of ML1 and 
ML2, respectively. By calculation, it can be obtained that 
when the metasurface scale is 20 × 20, that is, M = N = 20, 
MP = 47.4%, when the metasurface scale is 40 × 40, that is, 
M = N = 40 and MP = 40.9%. As shown in Fig. 3(d),(f), the 
expansion of the metasurface scale increases the number of 
cells, and each cell is closer to a point with respect to the 
entire metasurface, and the increase in the total number of 
objects reduces the influence of phase mutations of indi-
vidual cells. The influence of the central phase chaos is 
weakened. As shown in Fig. 3(c), the increase of k does not 
affect the intensity of ML2, but the phase chaos effect of 
the adjustment center is not obvious, but the side lobes out-
side the two main lobes are reduced, confirming that the k 
value can reduce the intensity of part of the side lobes. It 
can be seen from Fig. 3(d),(e) that the increase of the k 
value does not solve the central phase chaos problem, and 
it can be seen that the phase distribution of l = 1 appears in 
the central portion respectively; as can be seen from (d),(f), 
when the number of cells increases, the center compensa-
tion phase chaos is relatively reduced relative to the entire 
surface. In summary, if the performance of the vortex elec-
tromagnetic wave is to be improved, the cell size should be 
increased, but as the cell size increases, it is very difficult 
for the unit to maintain the transmission performance at 
a large incident angle. 

In order to use the phase chaos generated by the coded 
metasurface center phase, this paper proposes to optimize 
the phase distribution using an optimization algorithm to 
improve the pattern. 

 
                (a)                                   (b)                                  (c) 

 
                     (d)                                  (e)                              (f) 

Fig. 3.  The normalized radiation pattern of vortex electro-
magnetic wave in different parameters: (a) The nor-
malized radiation pattern in different orbital angular 
momentum when the metasurface size is 20×20 and 
k = 2; (b) The normalized radiation pattern in different 
metasurface size when k = 2 and l = 5; (c) The phase 
distribution in different k when l = 5 and the metasur-
face size is 20 × 20; (d) The compensation phase when 
the metasurface size is 20 × 20, l = 5 and k = 2; (e) The 
compensation phase when the metasurface size is 
20 × 20, l = 5 and k = 16; (f) The compensation phase 
when the metasurface size is 40 × 40, l = 5 and k = 2. 

2.2 Genetic Algorithm Optimization Principle 
and Unit Arrangement 
Figure 4 shows a comparison of the algorithm flow 

chart and the unit arrangement using the algorithm to opti-
mize the front and rear direction maps. From Fig. 4(a),(b),(c), 

 
                     (a)                                   (b)                                   (c) 

 
           (d)                                                             (e) 

Fig. 4.  (a), (b), (c) Comparison of directional diagrams before 
(on the left) and after (on the right) genetic algorithm 
optimization, and the angle between the two main 
lobes are labeled in different colors; (d) Genetic algo-
rithm flowchart; (e) Comparison of unit arrangement 
before and after optimization. 
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respectively, the orbital angular momentum l = 1, l = 2, 
l = 3 are the pattern before and after the optimization unit 
arrangement. The angle between the two main lobes is re-
duced by 50%, 35%, 25%, the side lobes are significantly 
reduced, the energy is more concentrated on the two main 
lobes, and when l = 5 MP decreased from 47.4% to 42.4%. 
Figure 4(d) shows a flow chart of the genetic algorithm. 
Figure 4(e) shows an arrangement of two units optimized 
for l = 1, where "1" represents a unit having a transmission 
phase of 180° and "0" represents a unit having a transmis-
sion phase of 0°. 

3. Simulation and Measured Results 
In order to verify the feasibility of the method, as 

shown in Fig. 5, a transmissive unit with a scale of l = 1, 
k = 2 and a size of 20 × 20 is designed. The green rectangle 
is a metal patch, and the shape of the three layers of metal 
patches in the upper and lower layers is exactly the same. 
Both layers are made of Rogers RT 5880 with a dielectric 
constant of 2.2. LB is the length of the metal patch, L is the 
width of the medium, WB is the width of the metal patch, 
and t is the thickness of the single layer of media. A trans-
mission phase deflection of 180° is achieved at f = 8.8 GHz, 
and the transmittance is maintained above 0.8 in the range 
of LB 4 to 10 mm, using discrete phase control, LB = 4 mm 
and LB = 10 mm with better transmittance. At two points, 
the transmittance reaches 0.99 or more, and the phase dif-
ference between these two points is just 174°, which is 
close to the phase difference of 180°. The 360° can be di-
vided into two regions, so that the value is in accordance 
with (3). 
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Figure 6(a)–(h) shows the simulated and measured 
electric field complex modulus and phase distribution, re-
spectively. It can be seen that the vortex electromagnetic 
wave generated after optimization features are improved 
and the feasibility of the proposed method is confirmed. 
The vortex wave energy resulting from the algorithmic 
optimization unit arrangement is more converged and the 
phase distribution is clearer. 

 
Fig. 5.  Transmittance and transmission phase curves of ultra-

surface units. 

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

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

Before 
optimization

After 
optimization

Before 
optimization

After 
optimization  

Fig. 6.  Simulation results of vortex waves before and after 
optimization; (a),(b),(c),(d),(e),(f),(g),(h) the complex 
modulus and phase distribution of electric field before 
and after optimization in simulation and measured 
results, respectively. 

 
Fig. 7.  The comparison between the simulation results and the 

measured results of the direction diagram in xoz before 
and after optimization. 

 
Fig. 8.  The test environment and samples to be tested. 

Figure 7 shows a comparison of the simulation results 
of the xoz plane pattern before and after optimization. It 
can be seen that the angle between the two main vortex 
waves becomes smaller and the energy is concentrated on 
the main lobe. It is proved that the algorithm optimizes the 
coded metasurface unit arrangement. It can improve the 
eddy wave characteristics of the metasurface.  

Figure 8 shows measured environment pictures and 
over-surface pictures to be tested.  
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4. Conclusion 
In this paper, the vortex wave is generated by using 

the coded metasurface. The simulation proves that the ef-
fect of approximating the quasi-continuous metasurface can 
be achieved by adjusting the phase spacing, which mini-
mizes the difficulty of unit design. However, the simulation 
found that the method has certain limitations. In view of 
this, this paper proposes to use genetic algorithm to opti-
mize the cell arrangement, reduce the vortex wave clutter, 
reduce the angle between the two main lobes, and concen-
trate the energy on the two main values to facilitate the 
propagation, which reduces the difficulty of the unit design 
while maintaining the quality of the vortex wave. The dis-
crete phase elements are designed and their phase spacing 
is 180°. The direction diagrams before and after the algo-
rithm optimization are compared. It is proved that the effect 
of the vortex wave generated by the genetic algorithm is 
improved. The feasibility of the method is illustrated, and 
the corresponding physical objects are designed and tested. 
The results are generally consistent. 
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