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Abstract: In this paper, a generation method procedure based on a reflective metasurface is proposed
to generate multiple pseudo Bessel beams with accurately controllable propagation directions and high
efficiency. Firstly, by adjusting the miniaturized unit cell of the reflective metasurface to modulate the
electromagnetic waves using the proposed method, some off-axis pseudo Bessel beams with different
propagation directions are generated. Then, by achieving the large-angle deflection and comparing
the results with previous existing methods, the superiority of the proposed method is demonstrated.
Based on the generated single off-axis pseudo Bessel beam and the superposition principle of the
electromagnetic wave, a reflective metasurface with 47 x 47 elements is designed and fabricated at
10 GHz to generate dual pseudo Bessel beams. Full-wave simulation and experimental measurement
results validate that the dual pseudo Bessel beams were generated successfully. The propagation
directions of the dual pseudo Bessel beams can be controlled accurately by the reflective metasurface,
and the efficiency of the beams is 59.2% at a propagation distance of 400 mm. The energy of the beams
keeps concentrating along the propagation axes, which provides a new choice for wireless power
transfer and wireless communication with one source to multiple receiving targets.

Keywords: off-axis pseudo Bessel beam; multiple pseudo Bessel beams; reflective metasurface;
accurately controllable propagation direction; high efficiency

1. Introduction

Electromagnetic waves can realize the wireless transmission of energy and information, which
provide an irreplaceable role for the development of society. Meanwhile, the divergence characteristic of
an electromagnetic wave limits its application, and the Bessel beam [1] with non-diffracting characteristic
shows the potential to solve this problem. Therefore, devices that can generate high-performance
Bessel beams have been extensively studied, and a source with limited spatial size can only generate
a quasi-Bessel beam, which has the ideal Bessel beam’s characteristics over a finite non-diffracting
area [2-5]. As the energy in the non-diffraction area has the characteristics of uniform and high
efficiency, it is suitable for Bessel beams to be used in wireless power transfer (WPT) [6-8] and near-field
communication systems [9,10]. The high-order Bessel beams with the characteristics that vortex beams
have also show great potential in the field of high-speed wireless communication and high-resolution
imaging [11-13]. However, most devices can only generate on-axis Bessel beams, and there are few
studies on off-axis Bessel beams [14-21]. So, we studied some methods about steering Bessel beams
or focused beams [22-29], and it is easy to find that, although the Bessel beams have a wider range
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of energy distribution, there are very few methods to steer them. One method is proposed to steer
Bessel beams using computer holograms with the help of amplitude modulation [22]. Another novel
method can generate arbitrarily directed Bessel beams using an off-axis multi-focusing antenna [24],
and this method is also helpful to improve the design precision of the depth-of-field of the beam.
As the beam deflection requires only phase modulation, the lack of amplitude modulation will result
in a deflected beam that is not strictly a Bessel beam, and we can call it a pseudo Bessel beam. It is
not easy to maintain high efficiency and high directionality when the beam is deflected, and because
the performance of the single off-axis pseudo Bessel beam is not satisfactory, multiple pseudo Bessel
beams are more difficult to be achieved. This also leads to the fact that the devices generate Bessel
beams that are not multifunctional, which makes them unable to give full play to their advantages in
wireless transmission systems.

In this paper, we propose a method to generate a single off-axis pseudo Bessel beam and
multiple pseudo Bessel beams with accurate propagation directions and high efficiency. To modulate
electromagnetic waves effectively [30-32], we firstly use a reflective metasurface that has low loss to
generate the off-axis pseudo Bessel beam in any desired direction. As the reflective metasurface is
single-layer, it is also low profiled compared with non-planar or multi-layer devices [5,6]. The unit cell
of the metasurface has a periodicity of 8 mm at 10 GHz, and it also has the characteristics of a small size,
high efficiency, and insensitive to both polarization and incidence angle. As the method we proposed
satisfies the requirement of a transverse wave vector component of the Bessel beam, comparing with
existing methods, the generated off-axis pseudo Bessel beam using our method has an accurately
controllable propagation direction and high efficiency. Then, according to the proposed method and
electromagnetic field superposition principle, a metasurface with 47 X 47 unit cells is proposed to
generate multiple pseudo Bessel beams simultaneously for the first time. The metasurface is simulated
with a standard X-band horn in ANSYS HFSS and the results show that the proposed method can be
used to generate dual pseudo Bessel beams. The generated beams have a transmission efficiency of
59.2% at a transmission distance of 400 mm and maintain high efficiency in the non-diffracting area.
Finally, the metasurface is fabricated and measured, and the experimental measurement results show
that our designed metasurface can effectively generate multiple pseudo Bessel beams. The proposed
method and device have shown their effectiveness, which provide a new way for the application of
one-to-many WPT or wireless communication.

2. Design Method of the Off-Axis Pseudo Bessel Beam and Multiple Pseudo Bessel Beams

A metasurface has a controllable phase shift to realize the control of the electromagnetic wave
by adjusting the unit cells. As shown in Figure 1a, the metasurface on the xoy-plane can be used to
generate pseudo Bessel beams, propagating in the directions of uy or u;, which means any direction in
the coordinate system. It is important to calculate the compensation phase of each unit cell whose
coordinate is (xij, Yij, 0), and the unit cell we proposed has the structure of two rings and one cross,
which will be explained in detail in the next section. The compensation phase that the unit cell provides
is controlled by the size of the unit cell, and the compensation phase distribution of the metasurface
is decided by the beams we prepare to generate. As the generation of a pseudo Bessel beam needs
the coherent superimposition of both inward conical waves and outward conical waves [13,33], it is
necessary to modulate these waves by the metasurface. As shown in Figure 1a, the energy radiated
from the feed horn to the metasurface can be modulated by the unit cells to form the inward conical
wave. The inward conical wave is shown as dashed lines in Figure 1a,b; it is worth pointing out that
all of the unit cells contribute for the inward conical wave so that they can form a conical surface.
After passing through the propagation axis, the inward conical wave becomes the outward conical
wave, and a pseudo Bessel beam will be formed in the overlapping area of the two. The wave vector
k of the inward conical wave can be divided into the transverse component k; and the longitudinal

component k;, i.e, k = [k} + ki = 2r/A (A is the wavelength in free space). It is easy to find that
if the transverse components of the inward and outward conical waves have the same magnitude
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and opposite directions, a standing wave will be formed in the transverse direction. In other words,
the angle o between the inward conical wave and the propagation axis (tan & = k;/kj) remains the same
in this condition, and this will prohibit the energy to leak out in the transverse direction. Meanwhile,
the longitudinal components of the inward and outward conical waves will have the same magnitude
and direction, so a traveling wave can be formed in the longitudinal direction. Therefore, in the
superimposed region, a pseudo Bessel beam can propagate along the propagation axis with all of the
electromagnetic energy.

Feed horn

(@) (b)

Figure 1. Schematic diagram of (a) pseudo Bessel beams generated by a reflective metasurface;
(b) the proposed method to generate the off-axis pseudo Bessel beam.

From the mentioned generation procedure of a pseudo Bessel beam, we can know that forming
a standing wave in the transverse direction is the key that all of the energy can propagate along the
desired direction. This also means the included angle « between the inward conical wave and the
propagation axis needs to remain the same, and as the focused beams do not meet this requirement,
they cannot remain uniform in energy distribution during a long distance [26-29]. Only in this way
can the “standing wave” condition be satisfied, and all of the energy can be propagated along the
propagation axis without leaking to other directions. Based on the above principle and discussion,
we can give a method for generating an off-axis pseudo Bessel beam using a metasurface.

As it is shown in Figure 1b, the first thing we need to do is to determine the propagation
direction of the pseudo Bessel beam; the unit vector of the pseudo Bessel beam can be expressed as
il = (sin O cos @y, sin Oy sin @y, cos Ok ), where 0 and @y are the pitch angle and the azimuth angle
of the desired beam in the coordinate system, respectively. Then we need to determine the ratio
of the wave vector’s transverse component to the longitudinal component; that is, determine the
angle a. Based on these settings, the required compensation phase distribution on the metasurface
can be calculated according to the condition of the transverse component of the wave vector and
geometric optics. This method can satisfy the condition of forming a standing wave on the plane that
is perpendicular to the beam propagation direction, thereby ensuring that all energy radiates along the
propagation axis.

To get the compensation phase distribution of the reflective metasurface, which can generate the
energy-focused, off-axis pseudo Bessel beam, the phase of the E-field at each point on the metasurface
can be expressed as

D1 (xij, yij) = ——-aOA (1)
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where 4, is the unit vector along to the inward conical wave of each point, as shown in Figure 1b,
and the vector corresponding to each point on the metasurface can be expressed as

OA = \[xij* + yij*(cos pjj, sing;;,0) @

where ¢;; = arctan(y;;/x;;). The vector corresponding to the intersection of the straight line in the
direction of any vector 4 and the propagation axis is

- sin(180° -p—a) )
OB = pr Vi + Yifik (©)

- -
where g is the included angle between the vectors OA and OB, and it can be obtained by the
vector operation

cos B = sin Oy cos @y cos ¢jj + sin O sin @y sin ¢;; ()

Finally, the unit vector d4; can be expressed as

OB - OA
b = % (5)
‘OB - OA‘

Taking Equation (5) into Equation (1), the phase ®1(x;j, y;;) at each point of the metasurface can
be calculated for the off-axis pseudo Bessel beam, which is also the compensation phase of each unit
cell to transform the plane wave to the inward conical wave. However, the feed horn we actually use
can only radiate the spherical wave. Therefore, we also need to calculate the compensation phase
on the metasurface to convert the spherical wave radiated from the feed horn into the plane wave.
The required compensation phase is

2n
Do (xi7, yij) = 7( X2 Tyt et =) (6)

where 7y is the distance from the feed horn to the metasurface. Then, the final compensation phase of
any off-axis pseudo Bessel beam generated by the feed horn and the metasurface is

O (xij, yij) = P1(xij, yij) + a2 (xij, vij) 7)

In this way, we can get the compensation phase of each unit cell on the metasurface to generate the
k-th off-axis pseudo Bessel beam, and the compensation phase to generate multiple pseudo Bessel beams
can be gotten by using the electromagnetic field superposition principle. The phase compensation of
each unit cell whose coordinate is (x;j, yij, 0) can be calculated by the following equation [34]:

n

Dyorar (Xij, Yif) = arg{z exp (j P (xij, yij))} )
=1

where j is the imaginary unit, ®; is the compensation phase that needed to be adjusted on the k-th
beam, and 7 is the total number of the multiple pseudo Bessel beams.

3. Metasurface Simulation and Experimental Measurement Results

3.1. Metasurface Simulation and Results

As the method of calculating the compensation phase for generating a single off-axis pseudo
Bessel beam and multiple pseudo Bessel beams by a metasurface has been proposed, we can use the
suitable unit cell to compose the needed metasurfaces. A miniaturized subwavelength unit cell with a
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periodicity P = 8 mm (0.271) [13] is selected as the unit cell of the metasurface, as show in Figure 2.
The unit cell comprises two concentric circular rings, while the inner ring is connected to a cross, and is
also separated by four identical gaps with an angle of 20°. The radiuses of the outer ring and the inner
ring are R, and R;, which has the relationship of R; = 0.7 X R, and the width of both the rings and the
cross is w = 0.3 mm. This unit cell is printed on a F4B (¢, = 2.65) dielectric substrate with a thickness of
t = 3 mm, and the model of it is built in the simulation software ANSYS HFSS, with periodic boundary
conditions. The reflection phase and reflection coefficient characteristics of the unit cell versus the
length of R, at the center frequency of 10 GHz are shown in Figure 2.
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Figure 2. Geometry (top view) of the designed unit cell and the reflection phase and reflection coefficient

versus the length of R, in an infinite periodic model with different incidence angles.

As shown in Figure 2, by varying R, from 0.85 to 3.9 mm, the reflection phase variation range of
the unit cell can cover the whole 360°, and it can be seen that the phase-shift changes are less than
17° when the incidence angle varies from 0° to 30°. Meanwhile, the reflection coefficient keeps above
—0.2 dB when the incidence angle varies, so that this miniaturized unit cell has the characteristics
of both high efficiency and good angle stability; it is also polarization-insensitive because of its
symmetrical structure.

According to the method mentioned and the relationship between the unit cell size and its
reflection phase curves shown in Figure 2, the metasurfaces to generate off-axis pseudo Bessel beams
can be designed. All of the metasurfaces have a size of 390 mm X 390 mm, and the distance from
the feed horn to the metasurfaces is 300 mm. The azimuth angle of the beam is set to be ¢} = 45°,
and the angle between the inward conical wave and the propagation axis is @ = 10°. In order to
show the universality of this method, we chose the pitch angles to be 15°, 30°, and 45°, respectively.
The designed metasurfaces were simulated by ANSYS HFSS, and the models and simulated results of
the generated off-axis pseudo Bessel beams are shown in Figure 3.

The normalized E-field amplitude distributions in Figure 3 show that the off-axis pseudo Bessel
beams, which have the predetermined orientations, were generated successfully. As the energy is
concentrated along the propagation axis without leakage in other directions, the method we use shows
its effectiveness. To demonstrate the superiority of the proposed method, we can compare it with the
traditional method, which realizes the off-axis pseudo Bessel beam by adding the compensation phases
of the on-axis Bessel beam and the deflected beam. As the differences between these two methods will
become more obvious when the pitch angle becomes larger, we set the pitch angle to be 60°, and the
other settings are just the same as in Figure 3. The normalized E-field amplitude distributions and
corresponding compensation phase distributions of the off-axis pseudo Bessel beams using the two
different methods are shown in Figure 4.
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Figure 3. The normalized E-field amplitude distributions of the off-axis pseudo Bessel beams with the
propagation directions of (a) O = 15°, @y = 45°; (b) 6 = 30°, @ = 45°; (c) O = 45°, @y = 45°.
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Figure 4. The normalized E-field amplitude distributions of the off-axis pseudo Bessel beams
and their corresponding compensation phase distributions when using (a) the proposed method;
(b) the traditional method.

It is easy to find that the compensation phase distributions of the two methods have the same
trend, but the difference is also obvious. The simulated results show that the pseudo Bessel beam using
the proposed method can keep the energy concentrating on the propagation axis in the non-diffraction
area, while the divergence of energy is obvious in the traditional method. So compared with previous
methods, the proposed method shows its superiority.

Based on the high-performance, off-axis pseudo Bessel beams we have generated, and the
superposition of different off-axis pseudo Bessel beams according to Equation (8), multiple pseudo
Bessel beams can also be generated simultaneously using the metasurface. We chose the dual pseudo
Bessel beams as an example, and the propagation directions were set to be 6; = 30°, ¢; = 0° and
02 = 30°, @2 = 180°, respectively, while the angle a = 10° for both of the two beams. The unit cell
was still chosen to be the unit cell shown in Figure 2, and the metasurface has the whole dimension
of 390 mm x 390 mm X 3 mm, while the coordinate of the feed horn in the coordinate system was
still 0 mm, 0 mm, and 300 mm. Then, the required compensation phase distribution, the layout of
the metasurface, and the simulated normalized E-field amplitude distribution of the generated dual
pseudo Bessel beams on the xoz-plane are shown in Figure 5.
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Figure 5. (a) The compensation phase distribution of the designed metasurface; (b) the layout of the
metasurface; (c) the normalized E-field amplitude distribution of the dual pseudo Bessel beams on
the xoz-plane.

It can be seen from Figure 5c that the dual pseudo Bessel beams have been generated by the
metasurface simultaneously, and the propagation directions of them meet the predetermined settings.
The energy is also concentrated along the propagation axes, and to further prove this, we can observe
the normalized E-field amplitude distributions on two sets of observation planes that are, respectively,
perpendicular to the two propagation directions. These observation planes with a size of 0.3 m X 0.3 m
are placed at different distances from the metasurface, and the distances are 400 mm, 600 mm, 800 mm,
1000 mm, and 1200 mm, respectively.

As shown in Figure 6, it is obvious that the energy is concentrated on the center point of each
observation plane, which is also the intersection of the propagation axis and the observation plane.
In addition, the normalized E-field amplitudes of both the two beams decrease as the distances from the
metasurface increase, while the normalized E-field amplitude distributions that on the same distance
of the two beams are symmetrical. This phenomenon shows that the energy allocated to the two beams
is basically the same, which is in line with our design.
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Figure 6. Simulated normalized E-field amplitude distributions on the different observation planes at
the distances of (a) 400 mm, (b) 600 mm, (c) 800 mm, (d) 1000 mm, and (e) 1200 mm away from the
metasurface when the azimuth angle of the pseudo Bessel beam is 0°. The simulated normalized E-field
amplitude distributions on the different observation planes at the distances of (f) 400 mm, (g) 600 mm,
(h) 800 mm, (i) 1000 mm, and (j) 1200 mm away from the metasurface when the azimuth angle of the
pseudo Bessel beam is 180°.

3.2. Metasurface Experimental Measurement and Results

The fabricated metasurface is fed by a broadband horn antenna that operates from 2 to 18 GHz
and is measured by using the near-filed planar-scanning techniques in the anechoic chamber, as shown
in Figure 7a. And the prototype of the fabricated reflective metasurface is shown in Figure 7b.
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Metasurface
Feed horn

Figure 7. (a) Experimental measurement scene of the dual pseudo Bessel beams in the anechoic
chamber; (b) the prototype of the fabricated reflective metasurface.

A standard waveguide probe is used to detect the normalized E-field amplitude distributions
corresponding to that shown in Figure 6. To detect the off-axis beams, the metasurface should have an
inclined angle of £30° to the z-axis, and the scanning plane has a size of 0.3 m X 0.3 m with a sampling
grid of 5 mm. The normalized E-field amplitude distributions on the different observation planes are,
respectively, perpendicular to the two propagation directions and have a distance from the metasurface
of 400 mm, 600 mm, 800 mm, 1000 mm, and 1200 mm, measured as shown in Figure 8. The comparison
between Figures 6 and 8 shows that the experimental measurement results of the dual pseudo Bessel
beams are in good agreement with the simulated one.
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Figure 8. Experimental measurement normalized E-field amplitude distributions on the different
observation planes at a distance of (a) 400 mm, (b) 600 mm, (c) 800 mm, (d) 1000 mm, and (e) 1200 mm
away from the metasurface when the azimuth angle of the pseudo Bessel beam is 0°. The experimental
measurement normalized E-field amplitude distributions on the different observation planes at a
distance of (f) 400 mm, (g) 600 mm, (h) 800 mm, (i) 1000 mm, and (j) 1200 mm away from the metasurface
when the azimuth angle of the pseudo Bessel beam is 180°.

In order to show the phenomenon of dual pseudo Bessel beams, we observe the normalized
E-field amplitude distributions of the dual-beams on a 1.2 m X 0.6 m observation plane, which is
perpendicular to the probe. The distance between the probe and the observation plane is 0.6 m, and the
experimental measurement normalized E-field amplitude distribution on the observation plane is
shown in Figure 9.
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Figure 9. Experimental measurement normalized E-field amplitude distribution of the dual pseudo
Bessel beams on the observation plane with a size of 1.2 m X 0.6 m and a distance to the probe of 0.6 m.

From the experimental measurement result shown in Figure 9, it is sure that the energy concentrates
on the points where the pseudo Bessel beams pass through, and the amplitudes of the two beams
are basically equivalent. So, we can draw the conclusion that the dual pseudo Bessel beams were
generated by the metasurface, and almost all of the energy is propagating along the desired directions.

4. Discussion

The dual pseudo Bessel beams were generated using the designed metasurface with the proposed
method. From the simulated normalized E-field amplitude distribution, we can see two pseudo Bessel
beams propagate along the directions of 6; = 30°, ¢1 = 0° and 02 = 30°, @2 = 180° simultaneously,
and the energy is divided into two almost equal parts along the desired directions. The energy along
the propagation axes is nearly remaining stable, while the simulated and experimental measurement
normalized E-field amplitudes at the different distances have the tendency of decreasing gradually,
which means the energy is attenuating when propagating. We can calculate the transmission efficiency
of the dual pseudo Bessel beams generated by the metasurface at different transmission distances to
further research the energy distribution of the dual pseudo Bessel beams. As shown in Figure 10,
the transmission efficiency (n) of the metasurface can be defined as the ratio of the pseudo Bessel beam
power (P1) to the total power (Py) radiated by the metasurface, i.e., n = P1/Py, and the values of both P
and P; are the flux integral of the Poynting vector.

I Reference plane
\ Feed horn !
/ j'j ExH' +dS
/

Metasurface \ |

RN PO

Figure 10. Schematic diagram of the efficiency calculation method.

As the beams we generate are the dual pseudo Bessel beams, it is necessary to add the power
of the two beams obtained at the same transmission distance. Here we use five different reference
planes to calculate the power of the dual beams at different transmission distances. The distances from
the metasurface are the same as that of the E-field observation planes mentioned, so the transmission
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distances are 400 mm, 600 mm, 800 mm, 1000 mm, and 1200 mm, respectively. The result shows that on
the reference plane has a distance of 400 mm, and the total calculated power value of the two beams is
0.474. As the power value P\ on the metasurface can be obtained as 0.8 by integration, so the efficiency
of the dual pseudo Bessel beams at 400 mm is about 59.2%. The efficiency at the latter distances was
also calculated by the same method as being 36.8%, 32.6%, 27%, and 25%, respectively. It can be seen
that the efficiency changes with the change in transmission distance, and it maintains a relatively
high value considering that the reference planes are far away from the metasurface; that is, a high
efficiency can be obtained at different transmission distances in accurately controllable propagating
directions when using the proposed method to generate pseudo Bessel beams. As the energy can be
allocated in multiple directions, devices at multiple different locations can be charged simultaneously.
Furthermore, because the generated pseudo Bessel beams have uniform energy distributions within a
certain range, the location requirements for the devices are also reduced.

5. Conclusions

In this paper, multiple pseudo Bessel beams can be effectively generated based on the method of
generating an off-axis pseudo Bessel beam and the principle of superposition, and the beams have the
advantages of both accurately controllable propagating directions and high efficiency. The metasurface
for generating dual pseudo Bessel beams was designed, fabricated, and measured, and the simulated
and experimentally measured normalized E-field distributions demonstrate that nearly all the radiated
energy from the metasurface propagates along the designed directions. The full wave simulation
results show that the dual beams have a high efficiency of 59.2% at a transmission distance of 400 mm
from the metasurface, and the efficiency keeps relatively high in the non-diffracting area. The proposed
method and device for generating multiple pseudo Bessel beams can be applied to multi-user WPT
systems, wireless communication systems, and multi-objects radio frequency identification (RFID)
systems with a large operating distance.
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