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ABSTRACT In this paper, a synthesis and implementation method for generating Bessel beams based on
time-reversal theory incorporating electromagnetic (EM) meta-lens is proposed. As is known, time-reversal
EMwaves has the unique characteristic of adaptive backtracking. Therefore, with this characteristic, the EM
characteristics of the radiation aperture can be obtained and further utilized to generate Bessel waves with
any departure angle. Based on this concept, two meta-lenses for generating Bessel beams tilted in different
directions were designed. Both meta-lenses were designed at the center frequency of 15 GHz, and the
simulation results were consistent with the target expectation. A representative meta-lens was fabricated
and measured. The final size of the meta-lens was 350 mm × 350 mm, and a Bessel beam with a 30◦

emergence angle was generated by this structure. The experimental results were in good agreement with
the simulation results and the theoretical derivation. This synthetic method of Bessel beam generation
using the time-reversal operation may be of great use for the application of Bessel beams in microwave
communications, and it can broaden the application scope of non-diffracting beams.

INDEX TERMS Arbitrary direction tilted Bessel beam, time-reversal, high transmissivity, transmissive
metasurface.

I. INTRODUCTION

Diffraction is one of the basic physical phenomena of elec-
tromagnetic (EM) wave propagation. Bessel beam is a kind
of non-diffracting wave (NDW) that can retain a certain
shape in space [1], [2]. EM waves diffuse in all directions
of space in the process of propagation, which leads to the
decline of the receiving efficiency and the spatial resolution.
However, Bessel beams have high directionality and are non-
diffracting [3]. They will be widely used in the fields of
dense channel communication, high-resolution microwave
imaging [4], [5], efficient wireless energy transmission, and
other application scenarios [6]–[10].
As a new EMwave control method, use of an artificial EM

metasurface can flexibly control the amplitude, phase, and
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polarization of an EM wave [11], [12]. With the advantages
described above, the meta-lens is more convenient for the
synthesis of various beams [13], [14]. In this paper, we use
the transmissive metasurface as a lens to control the Bessel
beam.

An innovation of this paper is that time-reversal (TR) elec-
tromagnetism is integrated with Bessel beam formation. This
efficient method of generating Bessel beams is proposed and
verified in this paper. TR electromagnetism is a new research
field [15]. Due to the symmetry of the Maxwell equations,
TR electromagnetic wave propagation in an ideal TR cav-
ity has the characteristic of perfect backtracking [16]–[20],
which will be of great use for the generation of Bessel beams.

In previous studies, many Bessel-beam-generating devices
have been proven to be feasible for the synthesis of various
Bessel beams [21], [22]. However, low efficiency and large
size are common in these devices [23]–[26], and the reflective
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metasurface always has the problem of limited usage scenar-
ios [27]. Furthermore, most Bessel beam generation methods
only focus on how to generate a Bessel beam perpendicular
to the transmitting surface [28], [29], which places large
restrictions on the transmission of Bessel beams, and the
use scenario is relatively simple because the transmitting and
receiving positions must be vertically aligned. To solve this
problem, we designed a lens that can produce Bessel beams
with any inclination angle using the TR method. At the same
time, the lens can convert plane waves into Bessel beams that
propagate in the specified direction [20].

II. PRINCIPLE

As early as 1941, Stratton presented the non-diffracting solu-
tion of the wave equation in his works [30]. This kind of
solution shows that the cross-section field of an EMwave is a
Bessel function distribution during the propagation process,
and the beam does not diffract with the increase in distance.
In 1987, Durnin et al. proved that Bessel beams can be
generated using finite devices, which makes the research of
Bessel beams more and more attractive [31]. In this section,
based on TR electromagnetism, an efficient method of gener-
ating Bessel beams is proposed. The method was verified by
simulations.

A. BESSEL BEAM THEORY

In the cylindrical coordinate system, the scalar wave equation
is solved by the method of separation of variables [32]. The
form of the solution of the electric field is E = R(r)8(ϕ)Z (z).
The solution can be readily obtained in the z and ϕ-directions.
Including the dependence on time t , the form of the solution
of the electric field is obtained as follows:

E = R(r) exp(ikzz+ imϕ − iωt). (1)

After separating variables, the radial differential equation is
as follows:

r2
d2R

dr2
+ r

dR

dr
+ [(k2 − k2z )r

2
− m2]R = 0, (2)

where k2 = k2r + k2z . Equation (2) is the Bessel differential
equation. Generally, the solutions of the Bessel equation are
two functions, namely, the Bessel function of the first kind
Jm(krr) and the Bessel function of the second kind Nm(krr).
However, in free space, the EMwaves radiated from the point
source need to satisfy the boundary conditions; that is, there
is no field source at infinity in the free space, expressed as
follows:

lim
r→∞

r
1
2 (
dR

dr
− ikrR) = 0. (3)

The Bessel functions of the first and second kind do not
satisfy this condition, but the Hankel function does. It is a
linearly independent solution of the Bessel differential equa-
tion and can be regarded as a linear combination of the Bessel
functions of the first and second kind. The Hankel functions
are expressed as follows:

H1
m(krr) = Jm(krr) + iNm(krr)

H2
m(krr) = Jm(krr) − iNm(krr). (4)

It can be concluded that the solutions of the wave equation in
the cylindrical coordinate system in free space are:

E1(r, ϕ, z, t)

= [Jm(krr) + iNm(krr)] exp(ikzz+ imϕ − iωt)

E2(r, ϕ, z, t)

= [Jm(krr) − iNm(krr)] exp(ikzz+ imϕ − iωt). (5)

E1 and E2 represent the EM waves propagating inward and
outward along the Z -axis, respectively, and the internal trav-
eling wave will become the external traveling wave along the
Z -axis. Therefore, the electric field distribution on the
Z -plane can be regarded as the linear superposition of E1 and
E2, and the electric field amplitude is:

E(r, ϕ, z, t) = 2Jm(krr) exp(ikzz+ imϕ − iωt), (6)

where m represents the order of the Bessel function. When
m = 0, the solution of Equation (6) is the solution of the
zero-order Bessel function, i.e., the Bessel beam in the tra-
ditional sense.

B. TIME-REVERSAL BESSEL BEAM SYNTHESIS METHOD

In contrast to the traditional method of Bessel beam synthesis,
TR synthesis of Bessel beams does not directly synthesize
the electric field distribution of the Bessel beam but uses the
TR method to synthesize a pre-distorted Bessel beam electric
field distribution [33]. Due to the TR electromagnetic wave
has the adaptive backtracking characteristic, if its electric
field distribution satisfies the electric field distribution of
the Bessel beam when it propagates to the specified posi-
tion, the TR electromagnetic wave will continue to propagate
in the form of a Bessel beam. In the isotropic passive position,
the EM field (E,H) in the region satisfies the homogeneous
vector wave equation [34], [35]:

∇
2
E(r, t) − µε

∂2

∂t2
E(r, t) = 0

∇
2
H(r, t) − µε

∂2

∂t2
H(r, t) = 0, (7)

E(r, t) as another solution of the vector wave equation can be
obtained by TR operation. After mathematical treatment on
the left side, Equation (7) could be expressed as follows:

∇
2
E(r, −t) − µε

∂2

∂t2
E(r, −t)

= ∇
2
E(r, τ ) − µε

∂2

∂(−τ )2
E(r, τ )

= ∇
2
E(r, τ ) − µε

∂2

∂(τ )2
E(r, τ ) = 0. (8)

For the frequency domain, we assume that a time domain
signal is u, and its Fourier transform expression is

U (r, ω) =

∫

u(r, t)e−jωtdt. (9)
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Because u is a real signal, so U (r, −ω) = U∗(r, ω),U∗ is
expressed as conjugate, so for the TR signal of u, we can get:

UTR(r, ω) =

∫

u(r, −t)e−jωtdt

=

∫

u(r, τ )e−j(−ω)τdτ

= U (r, −ω) = U∗(r, ω). (10)

UTR(r, ω) is the frequency domain form corresponding to the
TR signal. We can see that the TR operation is equivalent to
the phase conjugation operation at each frequency point. The
detailed processes of generating a Bessel beam by TR was as
following:
First of all, the numerical model of the Bessel beam to

be generated was established, the frequency of the Bessel
beam was determined, and the electric and magnetic field
distributions were obtained, which were used as the incident
wave source. By means of a numerical simulation, we then
established a Bessel beam propagation field in a certain posi-
tion in space.
Secondly, the Bessel beam was simulated and launched

by a finite aperture, and its propagation in free space was
analyzed and observed. A finite aperture time-reversal mir-
ror (TRM) was used to collect the incident information. For
the Bessel beam with a single frequency, the information was
mainly the electric field information, and the information
obtained using the TRM was mainly the information of its
electric and magnetic field components. Therefore, the phase
conjugation operation could be carried out using the informa-
tion at each position.
Finally, according to the collected incident wave informa-

tion, the TR operation was carried out, and the TRMwas used
to transmit it again to simulate the backtracking of the TR
electromagnetic wave and the reconstruction characteristics
of the dynamic non-diffracting EM wave. Because of its
characteristics of backtracking, ideally, the pre-distorted EM
wave will be continuously traced back to the emission source
in the process of propagation and form the same electric field
distribution as that of the emission source when it reaches
the original emission position. After this, it will continue to
propagate for a certain distance with slight diffraction.
In the proposed method, the TRM plays three roles

[36], [37]: (1) collecting the incident Bessel beam informa-
tion, (2) realizing the TR operation of the collected electric
field information, and (3) transmitting the inverse field.
The first two functions can be simulated in the numerical

model, but the last function needs the actual device to control
the electric field. Because the meta-lens has an excellent
regulation effect on the electromagnetic wave, we chose to
use themeta-lens to realize the emission function of the TRM.

III. DESIGN OF META-LENS

In this section, we design the meta-lens which a plane wave
passing through will transform a Bessel beam. To ensure the
high efficiency of the beam, we design an efficient cell that
the phase can be adjusted in the range of 0◦–360◦. Using

FIGURE 1. Schematic diagram of generation process of TR Bessel beam.

FIGURE 2. Meta-lens unit structure diagram: (a) front view of unit cell
structure and (b) perspective of meta-lens unit cell structure.

the cells, two kinds of meta-lens generating Bessel beam are
designed.

A. DESIGN OF ELECTROMAGNETIC META-LENS CELL

To avoid the large phase shift error caused by machining
deflection errors, the cell must exhibit a good transmission
performance. At the same time, the phase range of this cell
should be greater than or equal to 360◦, and the change of
phase shift curve should be optimal. In this work, a mul-
tilayer meta-lens element structure is designed. As shown
in Fig. 2, the unit period was 7 mm, the working frequency
was 15 GHz, the thickness of the dielectric substrate was t =

0.8 mm, the dielectric constant was εr = 2.65, the outer
diameter of the annular hole was r1 = 3.5 mm, the interval
between layers was d = 4.2 mm, and the thickness of metal
layer was 0.035 mm. To increase the transmission and phase
control range, a four-layer plate structure was used, and the
distance between the two plates was 4.2 mm. The meta-lens
cell had double-layer metal middle patches, and single-layer
metal top and bottom patches.

B. DESIGN OF VERTICAL BESSEL BEAM LENS

In the previous section, we designed a metasurface unit cell
with a high transmittance and adjustable 360◦ range. To con-
vert a plane wave into a TR Bessel beam, the most important
thing is to determine the phase change of each position in the
plane.
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FIGURE 3. Relationship between element inner diameter r2 and
transmission phase and amplitude.

To obtain the phase shift of each position, a Bessel beam
was simulated for emission, and the electric field distri-
bution of its cross-section was obtained during its prop-
agation process. The electric field information was then
extracted by numerical calculation to obtain the phase dis-
tribution, and then the phase conjugation operation was car-
ried out. Because the period length was a, it was neces-
sary to determine the phase change at (x · a, y · a) based
on the phase conjugation of the electric field obtained by
numerical calculation to determine the unit structure size
at this position. Finally, the plane wave was applied to the
meta-lens. After adjusting the plane wave at each position
of the meta-lens, the phase of the whole outgoing elec-
tric field was consistent with the TR Bessel beam to be
synthesized.

The parameters of the Bessel beam in the full-wave simu-
lation software (CST STUDIO SUITE) were consistent with
those described above. The frequency was 15 GHz, the radial
wave number was kx = kρ = (−0.4− i0.02)k0, the radius of
the wave source was 100 mm, the polarization direction was
linear in the X-direction, and the expression of the electric
field was











Ex(r, φ, z) = exp(ikzz)J0(kxr)

Ey(r, φ, z) = 0

Ez(r, φ, z) = 0

(11)

The electric field information was imported into the full-
wave simulation. An electric field monitor was set up in the
software, and an electric field observation surface was set
up 150 mm from the emission surface to record the electric
field information. Simulation diagram of Bessel beam, and
the electric field distribution of this Bessel beam source are
shown in Fig. 4.
The size of the observation surfacewas 350mm× 350mm.

Since this observation plane was equivalent to the TRMof the
TR operation, it needed to be larger than the whole Bessel
source to ensure the integrity of the information.
Since the electric field component had only an Ex compo-

nent, only the phase and amplitude information of the Ex field

FIGURE 4. Simulation diagram of standard Bessel wave and the electric
field distribution of this Bessel beam source.

was needed to extract the phase distribution of the electric
field. A phase conjugation operation was then conducted on
the extracted electric field information, and the phase infor-
mation obtained was the compensation phase value required
by each meta-lens unit. The phase compensation values of
each position are shown in Figs. 5 (a).

The observation plane was the receiving function of the
detector instead of the TRM array, and the meta-lens was
used to replace the transmitting function of the TRM array.
To ensure consistency, the size of the meta-lens and the
observation surface was 350 mm × 350 mm, and there were
50 element structures along the X - and Y -directions.

According to the corresponding relationship between the
size of the element structure and the transmission phase
change, the element size distributions at different positions
of the meta-lens were determined. Due to the large number
of cells in the whole meta-lens, up to 2500 units, numerical
simulation was used to call the interface in the full-wave
simulation software, to map the distribution and the unit
structure size, and to establish the topological structure of
the whole meta-lens, as shown in Figs. 5 (b). This approach
improved the modeling efficiency.

C. DESIGN OF TILTED BESSEL BEAM META-LENS

As the conventional method is used to synthesize the Bessel
beam, the analytic expression of the Bessel beam should
be provided, and the field synthesis should be carried out.
However, it is difficult to synthesize the surface directly
because of the complexity of the traditional method. In this
section, the TR method is still used to comprehensively
design the metasurface. The whole generation process of the
tilted Bessel beam is shown in Fig. 6.

Firstly, since it is difficult to directly simulate the emission
source of the inclinedBessel beam,we established an inclined
electric field observation surface in the propagation range
of the zero-order Bessel beam and determined the tilt angle
θ = 30◦. The phase conjugation operation was carried out to
record the electric field information of the inclined plane, and
the phase distribution characteristics of each element of the
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FIGURE 5. (a) Phase distribution of TR Bessel beam and (b) TR Bessel
lens structure.

FIGURE 6. Schematic diagram of tilted Bessel beam generation process.

whole meta-lens were obtained by discrete sampling of the
recorded electric field information, which was equivalent to
receiving the inclined Bessel beam directly using the vertical
observation plane. The TR Bessel beam with a specific tilt

FIGURE 7. (a) Phase distribution of the designed tilted TR Bessel beam
and (b) structure of tilted Bessel beam lens.

angle was obtained by irradiating the meta-lens with a plane
wave.

The size of the established meta-lens was consistent with
the observation surface and contained 50 units along the
X- and Y-directions. The relative dielectric constant of the
dielectric substrate was εr = 2.65. The phase distribution of
the central position of each unit is shown in Fig. 7(a).

Using the designed high-efficiency transmission structure,
we can obtain the unit structure parameters at different posi-
tions by the one-to-one correspondence between the center
positions of the surface and the element size structure. The
structure of the tilted Bessel beam lens is shown in Figs. 7(b).

IV. RESULTS AND DISCUSSIONS

In the previous section, we designed a transmission-type
phase control unit with a high transmittance and a vertical
and inclined meta-lens using the TR method. In this section,

we present the simulation results and analysis of the two
kinds of meta-lenses using the full-wave simulation.Wemea-
sured the tilted Bessel beam meta-lens in the microwave
anechoic chamber to analyze whether it was consistent with
the simulation results. Finally, the feasibility of this method
was verified.
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A. SIMULATIONS AND OPTIMIZATIONS

B. 1)VERTICAL BESSEL BEAM LENS

The established meta-lens was simulated in the full-wave
simulation software. A plane wave was used to irradiate

the meta-lens, and the electric field monitors were set up
on the YOZ and XOZ planes to observe the beam propa-
gation characteristics of the longitudinal field. At the same
time, the monitors were set up at three different positions
of z = 100, 200, and 300 mm to comprehensively analyze
the energy distribution of the whole Bessel beam propagation
process.
Figs. 8 (a) shows the electric field intensity distribution

in the propagation direction of the plane wave after passing
through the meta-lens. The whole beam was a completely
symmetric EM wave, and the beam energy did not diffuse
in a certain area with the increase in the propagation dis-
tance during the propagation process. Figs. 8 (b) shows the
distribution of the electric field intensity in the XOY plane at
z = 100 mm. When the position of the electric field detector
was 150 mm from the source of the Bessel beam, the whole
TR beam did not trace back to the Bessel beam shape and
was still in a predistortion state. Figs. 8 (c) represents the
distribution of the XOY plane electric field intensity at z =

200 mm. The beam center energy was significantly enhanced
compared with that in Figs. 8 (b), and the whole field energy
corresponded to a circular Bessel beam. Figs. 8 (d) shows
the XOY energy distribution at z = 300 mm, and the energy
intensity was not significantly reduced compared with that
in Figs. 8 (c). From another point of view, it was proven
that the TR Bessel beam obtained from the meta-lens had
non-diffracting characteristics.

The comparison of the above simulation results showed
that the TR Bessel beam had the characteristic of predis-
tortion, and it did not show the Bessel beam characteristics
initially. However, it showed the Bessel beam characteristics
after reaching a certain distance, which is consistent with
our analysis in Section II. The meta-lens introduced in this
section can convert a plane wave into a kind of TR Bessel
beam that we specify. We call such a meta-lens structure
the TR Bessel beam lens. The whole meta-lens functions
as a TRM to transmit TR information. This section also
proves the feasibility and correctness of the TR Bessel beam
synthesis.

C. TILTED BESSEL BEAM LENS

The model of the tilted Bessel beam lens was established
in the full-wave simulation. The simulation results showed
that the meta-lens could generate a TR Bessel beam with
an inclination angle of 30◦. The electric field monitor was
placed in the cross section of three different positions in the
propagation direction to observe the amplitude information
of the electric field component.

An electric field monitor was set up in the vertical direc-
tion (YOZ plane) to provide the electric field information in
the propagation direction and to judge the beam propaga-
tion characteristics. Using the conditions described above,

FIGURE 8. Electric field intensity distribution diagram of the transmission
wave of the vertical Bessel lens. (a) Energy distribution of the seeding
field on the YOZ plane. Energy distributions of the cross sections
(b) 100 mm, (c) 200 mm, and (d) 300 mm from the transmission Bessel
meta-lens.

a simulation was conducted in the full-wave simulation soft-
ware, and the transmission electric field amplitude distribu-
tion through the meta-lens was obtained, as shown in Figs. 9.
Figs. 9 (a) shows the electric field intensity distribution in the
propagation direction of the plane wave after passing through
the meta-lens. The whole beam propagated with an inclina-
tion angle of 30◦, and the electric field intensity remained
constant until 400 mm during the whole propagation process
without attenuation. Figs. 9 (b) shows that the energies of the
main beam and the annular side lobe of the whole field were
weak, and the information of the whole propagation field was
not reconstructed. Figs. 9 (c) represents the distribution of
the XOY plane electric field intensity at z = 200 mm, and
the beam center energy was significantly enhanced compared
with that shown in Figs. 9 (b). Figs. 9 (d) shows the XOY
energy distribution at z = 300 mm, which shows that the
energy did not decrease significantly.

D. MEASUREMENT RESULTS AND DISCUSSION

The tilted Bessel beam lens designed in this paper was physi-
cally fabricated. The dielectric constant of the dielectric base
plate was εr = 2.65, which was consistent with the simu-
lation. The thickness of the metal structure was 0.035 mm,
the thickness of the dielectric was 0.8 mm, the size of the
dielectric was 400mm× 400mm, and themeta-lens structure
was 350 mm × 350 mm. The redundant component was used
to fix and assemble the four dielectric substrates, and each
dielectric substrate was separated by a 4.2-mm-high air layer
in the middle using a dielectric nut spacer, consistent with the
unit structure. The physical drawing of the process is shown
in Figs. 10(a).
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FIGURE 9. Electric field intensity distribution diagram of tilted Bessel
lens: (a) normalized intensity distribution of electric field in YOZ plane
when x = 0 mm. Electric field intensity distribution of transverse section
when (b) z = 100 mm, (c) z = 200 mm, and (d) z = 300 mm.

The fabricated meta-lens was put into the microwave ane-
choic chamber for measurement. A plane wave conversion
lens was used to convert the spherical wave emitted by the
antenna into a plane wave. The distance between the transmit-
ting antenna and the plane wave conversion lens was 375mm,
and the distance between the plane lens and the meta-lens
was 50 mm. The whole field scanning ranges were 600 mm
along the Z -axis and 380 mm along the X - and Y -axes, with a
scanning interval of 2 mm. The experimental setup is shown
in Figs. 10(b) and 10(c).
In the experiment, the near-field normalized electric field

amplitude distribution of the YOZ plane at x = 0 mm at the
working frequency of 15 GHz was scanned and recorded.
The results are shown in Fig. 11. To observe the experimental
results more intuitively, we added auxiliary lines to the main
beam. The whole TR Bessel beam radiated outward in an
inclined state of 30◦. The energy of the whole beam was
concentrated on the main beam, and the energy had not
diffused during the propagation process. The main beam had
a large energy before x = 400 mm.
The XOY planes at z = 100, 200, 300, and 400 mm were

scanned and measured in this experiment. The normalized
electric field distribution in the plane is shown in Fig. 12. The
energy distribution of the beamwas not evident, in contrast to
the simulation results, but the energy of the plane beam was
concentrated at one point. This proved that the non-diffracting
characteristics of the beamwere good, and the beam shape did
not spread until 400 mm.
Compared with the simulation, the measured non-

diffracting distance was smaller than that in the simulation
case. This was because the inaccuracy of machining and
measurement, and another important reason was that the lens

FIGURE 10. (a) Prototype of the fabricated tilted Bessel beam lens.
(b) and (c) Experimental system configuration for the fabricated tilted
Bessel beam lens.

producing the plane wave was smaller than our TR tilted
Bessel beam lens, which led to a phase difference between the
electric field at the edge and the ideal TR electric field, and the
effective aperture of the whole TR lens decreased compared
with that of the ideal case. The ring energy distributions of
the measured electric field on the four XOY surfaces were
uneven. The reason for the uneven distributionmay have been
that the energy of the annular field was not significant due
to the small side lobe energy of the beam itself and some
scattering in the space. The main energy was concentrated
on the central main beam, and the whole sampling interval
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FIGURE 11. Normalized diagram of electric field amplitude distribution
on YOZ surface.

FIGURE 12. XOY plane electric field amplitude distributions of electric
field intensity at (a) z = 100 mm, (b) z = 200 mm, (c) z = 300 mm, and
(d) z = 400 mm.

was larger than the simulation interval. Consequently, the ring
distribution not evident.
According to Fig. 11 and Figs.12, it can be concluded that

the measured results of the whole TR tilted Bessel beam lens
were basically consistent with the simulation results. This
lens can transform plane waves into tilted non-diffracting
waves, which gives the Bessel beam good directivity and
broadens its application scope.

V. CONCLUSION

In this paper, based on a transmission-type phase control unit
with a high transmittance, two kinds of meta-lenses were
designed to generate different forms of zero-order Bessel
beams using the TR method. The unit can adjust and control
the phase in the range of 0◦–360◦, and the phase regulation
relationship changes linearly with the size change. In contrast
to the traditional method, which directly uses the optical
convergence formula, we obtain the phase distribution of the
meta-lens through the TR method. We use this meta-lens to
replace the transmitting function of the TRM to synthesize the

TR beam and obtain a whole meta-lens with a size of 350 mm
× 350 mm, which can produce a vertical TR Bessel beam.
Based on these results, a meta-lens that can generate

inclined Bessel beams was designed. At present, there have
been few studies on the method of producing titled Bessel
beams. The electric field amplitude at different positions was
measured by near-field scanning in a microwave anechoic
chamber, and the inclined Bessel beam could be generated
on the meta-lens.
The experimental results showed that this method is fea-

sible and efficient. Different angles of the zero-order Bessel
beams were generated successfully using meta-lenses, which
broadens the application scope of Bessel beams in the
microwave field. Furthermore, the TR method also simpli-
fies the synthesis difficulty of different shapes of the Bessel
beams.
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