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ABSTRACT: This paper develops a wideband spin-decoupled unit cell to form high efficiency wideband spin-decoupled metasurface
(MTS), which can achieve more versatile Bessel beams with independent control of the beam direction, polarization, and Orbital angular
momentum (OAM) mode for near field applications. The MTS is designed for wideband dual Bessel beams: Beam-I (RHCP, 6, = 30°,
w1 = 180°,1 = 1), Beam-II (LHCP, 62 = 30°, p2 = 0°,1 = 0), where ¢ and @ are the azimuth and elevation angles, respectively; [
is the OAM mode, and RHCP (LHCP) represents the right (left) hand circular polarization. Compared with conventional phase gradient
MTSs, the proposed MTS achieves more versatile functionalities and better performance: wideband (35.3%), dual Bessel beams, circular
polarization (CP), high aperture efficiency (AE) 40%, carrying OAM modes, high ratio of non-diffraction distance/aperture size (6.41),
high conversion efficiency for Bessel beams (33%), and high OAM purity (78%-99%). Simulated and measured results agree well,
and validate the design method. The proposed unit cell can be used to design other high performance multifunctional Bessel beams.
The designed Bessel beams have potential applications in dense channel high capacity communication, efficient wireless power transfer,

high-resolution imaging, medical treatment.

1. INTRODUCTION

AM vortex electromagnetic wave [1] was first explicitly

demonstrated by Allen et al. in 1992 which is characterized
by helical phase structures, hollow-core intensity distributions,
and intriguing infinite orthogonal OAM modes 1. The infinite
orthogonal modes have great potential in next generation large
capacity wireless communications [2]. The spiral phase wave-
front of OAM wave has the following special functions that
traditional beams do not possess: (i) Azimuth detection ability,
thereby achieving high resolution imaging [3]. (ii) Improving
the medical diagnostic ability of some diseases, such as tumors
due to the ability of measuring micrometer level cells [4]. (iii)
The rotating speed detection of highrotating speed objects [5].

Bessel beam discovered by Durnin et al. in 1987 [6] is well
known for its nondiffraction property along the radiation di-
rection. The diffraction-free and self-reconstruction properties
make the Bessel beam attractive in widespread applications,
such as high-speed Line-of-sight short-range communication,
efficient wireless energy transmission, medical imaging, and
medical hyperthermia [7].

The Bessel OAM beam combines Bessel and OAM technolo-
gies, and is beneficial from the combination of infinite orthog-
onal modes and non-diffractive beam in near field region. The
Bessel OAM beam contributes to the exploration of new di-
mensions in the near field region, further enriching the imaging,
communication, and other near-field applications. So develop-
ing a multifunction high efficiency Besse]l OAM beam genera-
tor is the key to drive the new dimensions [8].
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MTS has the following obvious advantages: low profile, low
loss, high gain, and remarkable capability of modulating EM
waves. Recently, MTS has become a hot topic [9-12]. There
are two representative approaches to manipulate the phase shift
of the unit cell, namely Pancharatnam-Berry (PB) phase and
propagation phase. Ref. [13] proposed a Pancharatnam-Berry
metasurface to generate a left-hand circularly polarized OAM
by a right-hand circularly polarized wave, which has the ad-
vantages of high gain and wide bandwidth. Several MTSs for
generating multifunctional Bessel beams have been developed:
Generation of multiple linear polarization (LP) pseudo Bessel
beams with accurately controllable propagation directions and
high efficiency using a propagation phase metasurface, which
can independently manipulate the phases of the two orthogo-
nal components (¢, and ¢,) of the z-polarized and y-polarized
waves, generation of a Bessel vortex beam carrying multiple
OAM modes through a propagation phase MTS in the radio
frequency domain [14], the fullspace Bessel beam modulator
based on Pancharatnam-Berry (PB) phase MTS with dual CP
[15], and generation of polarization rotation function Bessel
beams based on all-dielectric PB phase MTS [16].

However, MTSs with PB (or propagation) phase alone have
the following limitations: (i) PB (or propagation) phase alone
can only control circular polarization (CP) (or LP). (ii) The
phase controls for left hand circular polarization (LHCP) and
right hand circular polarization (RHCP) incidences by PB phase
MTS are exactly opposite and cannot independently control,
that is, dual-CP incidence waves are coupled. (iii) The phase for
elliptical polarization incidence cannot be controlled by MTS
with propagation phase or PB phase alone. These limitations
make the multifunctional MTSs unable to give full play to more
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FIGURE 1. Schematic diagram of generating Bessel beam through finite
aperture.

versatility. Spin decoupled phase gradient MTS is the solu-
tion. Devlin et al. [17] integrated both PB and propagation
phases, which can independently control the phase of dual-CP,
or even any pair of orthogonal polarizations, which means that
any pair of orthogonal polarizations is decoupled (namely spin-
decoupled). Spin-decoupled unit cell improves degree of free-
dom in multifunctional design and can achieve more versatile
functionalities and better performance. For example, the PB
phase MTS is under dual CP incidences, if the OAM mode
for RHCP is I, = 2, then the OAM mode for LHCP must be
l; = —2. However, when the spindecoupled MTS is under dual
CP incidences, any OAM mode for RHCP and LHCP can be
generated, such as [, = 2 and [; = 1. Some works have been
published: spin-decoupled MTS for simultaneous detection of
spin and OAM via momentum transformation [18-22]. How-
ever, to the knowledge of the authors, there is no Bessel beams
generated by spin-decoupled MTS.

In this paper, spin-decoupled multifunctional MTS is re-
searched for achieving more versatile Bessel beams for more
multifunctional near field applications. As an example, wide-
band dual Bessel OAM beams with independent control of
the beam direction, polarization, and OAM mode are gener-
ated. Compared with published Bessel beams by conventional
MTSs, the generated Bessel beams have the following advan-
tages simultaneously: wideband (35.3%), dual Bessel beams,
CP, high AE 40%, carrying orbital-angular-momentum modes,
high ratio of non-diffraction distance to aperture size (6.41),
high conversion efficiency for Bessel beams (33%), and high
OAM purity from 78%—-99%. The paper is organized as fol-
lows. The Bessel OAM beam design principle is in Section 2.
Section 3 shows simulated and measured results, and Section 4
is conclusion.

2. DESIGN PRINCIPLE

Figure 1 is the schematic diagram for generating Bessel beam.
It consists of two parts: the horn feeder and the MTS located in
zoy plane at z = 0, and the coordinate origin is in the center of
the MTS. The spherical wave from the horn feeder is converted
into a non-diffracted Bessel beam by the MTS. «, D, and Z,ux
are the convergent angle, the antenna aperture, and 3 dB non-
diffraction distance, respectively, as shown in Fig. 1.
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FIGURE 2. The system diagram for dual Bessel beams.

2.1. Bessel Beams

In the cylindrical coordinate system, a scalar solution of the
wave equation propagating along the z-axis in free space can
be represented by the cylindrical coordinate system (r, 6, z) as
in [21]

E(r, @, z,t) = 2y (ker) exp(ik,z + imp — iwt) (1)

where m represents the order of the Bessel function, and &, and
k, represent the longitudinal and transverse wave vectors, re-
spectively. When m # 0, “mg” represents the Bessel beam
carrying OAM wave with mode [ = m. When m = 0, Equa-
tion (1) represents zero order Bessel beam as follows:

E(p, z,t) = exp(i(k,z — wt))Jo(K,p) )

where k,. and k, are the radial and longitudinal components of
the wave vector k in free space, respectively. The relationship
among k., k, and k.. is as follows [22].

2
k, = Tﬂsina = \/k2 — k.2

where ) is the operating wavelength. The relationship among
«, D, and Z,y is as follows [23]:

3)

_ D)2
" tana

“)

To generate a Bessel beam, parameters o and Z,,,x are re-
quired to be set first, and D is determined from (4). Theoreti-
cally, Zmax should be smaller than the radius of the near-field
region. That is, Zx < 2D? /A, Then the valid range of con-
vergent angle « is

A .
— <sina <1

1D )

2.2. Phase Compensation Principle for Bessel Beam

In this paper, the Bessel beams are generated by phase gradient
reflective MTS. The design principle of the unit cell for gener-
ating the Bessel beams is explained as follows.

The compensated phase ®(x, y) of the unit cell in the MTS at
position (z, y, 0) satisfies the phase distribution for generating
desired Bessel OAM beam (6, ¢, 1).

There are several steps to calculate the required ®:

b= + Dy + Py (6)
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where ®; is the compensated phase from the spherical wave to
the plane wave, and

(I)l(xﬂy) = 2£H(x,y)

- )

where H(z,y) is the distance between the position of unit at
(z,y) and the phase center of the horn. @5 is the compensated
phase for the beam deflected direction:

2
Dy (z,y) = —Tﬂ(a:sinﬁcosgo—i—ysinﬁcosgo) ®)
®3 is the compensated phase shift to obtain Bessel beam:
2
D3(z,y) = ; (x/xQ + 12 sina—i—larctan(y/x)) 9

2.3. Design Principle for Spin-Decoupled Unit Cell

The spin decoupled unit cell is used to implement the phase
compensation at (x,y, 0) calculated by (6)—(9). Assume that
the incident and reflected electric field vectors are E; and E,.,
respectively. The vectors F; and E), consist of two orthogonal
CP components, which can be written as the following forms:

E; = (E;L, Eir)"
(10)
ET = (E’I‘L7 ETR)T

where the subscripts L and R represent LHCP and RHCP, re-
spectively. When the reflective MTS is excited by a normal
incident electromagnetic wave, the Jones matrix .J of the MTS

isJ = <JLL JLR). Then the reflective wave by the MTS
is as follows:

Jrr JRR

Eyp\ _ (Jir Jir) (Ei

E.r Jrr  Jrr) \Ei
where Jr.1, Jpr, JrL, and Jrpg represent the reflection coeffi-
cient components, and the first and second subscripts indicate
the polarization states of the reflective and incident waves, re-
spectively.

The reflection matrix J of the MTS can be written as [20]:

J— Jor  Jir\ _ (Be % d
o JRR - ) ﬁeﬂc

JRL

and 8 = (Rye'¥* + R,e'¥v) /2,6 = (Rye's — R, e'¥v)/2.

Ry (y) and ¢,y are the reflection amplitude and reflection
phase of the z(y) polarized wave, respectively. ( is the rotation
angle of the unit, namely PB phase. For an ideal MTS (lossless,
matching, and reciprocal) formed by units with X -axis or Y-
axis symmetry, |R,| = |R,| = 1, ¢, — ¢, = 7, and the cross-
CP is suppressed. The John matrix .J can be simplified as:

e~ 0
=(%0 )

(11)

(12)

(13)
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From (12) and (13), the following relationship among the
phases ¢1.1.(rR)> Pu(y), and ( is obtained:

Prr = ¢z —2¢ (14)
$rR = ¢z +2C (15)

From (14) and (15), there is no longer any exactly opposite
control between ¢, (for LHCP) and ¢rr (for RHCP). ¢,
and ¢rg can be independently controlled, that is, dual-CP in-
cident waves are decoupled. The unit cell forming the MTS
is called spin-decoupled unit cell and should integrate both the
propagation phase (¢, and ¢,,) and the PB phase (¢). According
to (14) and (15), ( is obtained:

_ drr — OLL

¢ 4

(16)

Then from (14)—(16), the propagation phases ¢, and ¢, are
derived as follows:

$rRR+ PLL

Gz = 5 (17)
b, = ¢RR;¢LL B (18)

In this paper, the spin decoupled unit cells are used to form
the phase gradient reflective spin-decoupled MTS, which can
generate multifunctional Bessel beams with the independent
control of dual-CP incidence waves. Assume that the MTS
is designed under LP incidence, because LP wave can be de-
composed into two equal LHCP and RHCP waves, so both the
LHCP and RHCP excitations are done simultaneously. Accord-
ing to (13), two co-polarized reflected beams LHCP (11, 01, ¢1)
and RHCP (g, 02, ¢2) are generated. The geometry parame-
ters lz(y) and ¢ are used to control the compensated phase of
the unit cell, and other geometry parameters are fixed. Five
steps for designing the unit cell are as follows. First, accord-
ing to (6)—(9), the required compensated phase for the unit
cell is calculated. Second, the required compensated phase is
implemented by the spin-decoupled unit cell, that is ¢r;, =
¢ + ¢z + ¢,. Third, according to (16)—(18), the propagation
phase ¢, (or ¢,) is controlled by the geometry parameter [z (y).
According to Fig. 4, the unit cell geometry parameter [z (y) is
determined, and other geometry parameters are fixed. Fifth,
according to the phase distribution maps in Fig. 5, the phase
gradient reflective spin-decoupled MTS is designed.

3. MTS DESIGN

The system diagram shown in Fig. 2 consists of a horn and the
proposed reflective spin-decoupled MTS, which is excited by
normal incidence from a y-polarized horn. All simulated results
are by CST Microwave Studio.

3.1. Spin-Decoupled Unit Design

The proposed spin-decoupled unit shown in Fig. 3 consists of
three metal layers separated by two F'4B substrate layers with
thickness 1.5 mm and dielectric constant 2.65. The top and
middle metal patches have the same shape but different sizes,
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FIGURE 3. The unit structure. (a) Simulation unit. (b) The left of unit. (c¢) The top of unit.
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FIGURE 4. Reflection amplitude/phase vs ly: (a) x polarized wave
or y polarized incidence at 17 GHz, (b) y polarized incidence for
different frequency.

and the size of the top layer is 0.8 times that of the middle layer.
The bottom metal layer is ground. All geometry parameters
marked in Fig. 3 are as follows: p = 8mm, r; = 0.3mm,
rg = 0.7mm, w = 0.2mm. The propagation phase ¢ (¢, )
is controlled by lz(ly), and the PB phase is controlled by the
rotation angle (.

When ¢ = 0°, lz = 2mm, Fig. 4(a) shows the curves of
magnitude and phase of scattering parameter S1; vs ly for ly
from 1.6 mm to 3 mm at 17 GHz. For y-polarized incidence, the
simulated phase shift range can cover 360°, and the S7; mag-
nitudes are above 0.95. For x-polarized incidence, the magni-
tude (or phase) of the S1; keeps 0.96 (or 90°) unchanged. Due
to symmetry of the unit, the curve for reflection amplitude (or
phase) of S1; vs lx for z-polarized incidence is similar to the
curve in Fig. 4(a or b).

The curves of the magnitude and phase vs ly are shown in
Fig. 4(b) at 14 GHz, 16 GHz, 18 GHz, and 20 GHz. The phase
curves are parallel; the S1; amplitudes keep above 0.96 in the
operation band; and wideband 35% is obtained.

3.2. Spin-Decoupled MTS Design

The proposed unit is used to form the spin-decoupled MTS with
diameter D = 16p for generating wideband high efficiency
multifunctional Bessel beams with independent control of the
beam direction, polarization, and OAM mode. As an exam-
ple, the following dual Bessel beams are designed to validate
the design technique: Beam-I (RHCP, 6; = 30°, p; = 180°,
[ = 1), Beam-II (LHCP, ; = 30°, o = 0°, 1 = 0).
Zmax < 2D?/\ = 4.545m at 17 GHz, and here Z,x is set as 1
meter. PB phase ¢ and the propagation phase (¢, and ¢,) distri-
bution maps calculated by (6)—(9) are shown in Figs. 5(a)—(c),
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FIGURE 5. The phase distribution maps. (a) for ¢. (b) for ¢,,. (c) for C.

respectively. Then the corresponding geometry length (Ix, ly)
distribution maps in the MTS are obtained according to Fig. 4.

4. SIMULATED AND MEASURED RESULTS

Both the near-field and far-field have been simulated to ver-
ify the vortex property and diffraction free properties of Bessel
beams. To validate the design, the prototype of the designed
spin-decoupled MTS for dual Bessel beams has been fabri-
cated. Figs. 6(a) and (b) are the prototypes of the top layer and
the measurement environment, respectively. A KEYSIGHT
E5071C Vector Network Analyzer (VNA) was used to test
the Bessel beam FE-field distribution. The simulated E-field
amplitude distributions at 14 GHz, 17 GHz, and 20 GHz are
shown in Fig. 7. The profile is nearly unchanged at differ-
ent frequencies, which indicates the wideband characteristic of
the spin-decoupled MTS. The simulated —3 dB non-diffraction
distances (d) are 750 mm, 830 mm, and 700 mm at 14 GHz,
17 GHz, and 20 GHz, respectively, which approach the set non-
diffraction distance 1000 mm. The ratios of d/D are 5.86, 6.41,
and 5.47 at 14 GHz, 17 GHz, and 20 GHz, respectively.

Figures 8(a)—(c) are the simulated and measured E-field and
phase distributions for Beam-I (RHCP, 6; = 30°, ¢; = 180°,

= 1) in the plane (300 mm away from the MTS along the
propagation direction) at 14 GHz, 17 GHz, and 20 GHz. The
helical phase pattern and zero-intensity area in the plane center
are clearly recognized. The simulated and measured results are
basically consistent.

The Bessel beam conversion efficiency (7) of the MTS can
be defined as the ratio of Bessel beam power P; to the power Fy
emitted by the horn feeder. The integral plane S in Fig. 9 has a
size of 100 mm x 100 mm. And the calculated maximum Bessel

WWwWw.jpier.org



Progress In Electromagnetics Research L, Vol. 116, 47-53, 2024

rlER Letters

(2) 939 Y 890mm (b) 820mm N 780mm !
= DL “RHCP 700mm |7 ep
=l Ricr rigcp | LHCE
0 30°
E ‘l_l 3 3 un
—N £
A 0

554

-554

554

x(mm)

-554

0
x(mm)

554

FIGURE 6. (a) The prototypes of the metasurface. (b) The £iGURE 7. The simulated near-field in zoz plane. (a) 14GHz. (b) 14GHz. (c)

measurement environmen.

a

aoa oo
@eE rBeE

20 GHz.

20 (GHz)

.

1300°

200°

lo

L_l Re(f:.:x H )*}:-"d.sr

Lz Re ( ExH )-rids

FIGURE 8. E-field and phase distributions in the plane (300 mm away FIGURE 9. Schematic diagram of the beam conversion efficiency calcu-

from the MTS along the propagation direction) for Beam-I at 14 GHz,

17 GHz and 20 GHz. (a) Simulated. (b) Measured.

lation method.

(@ 1 (b) c)
0.8 (a) (b) (© ”@‘ )
0.6 11
0.4 ' 0
0.2 ' -9

0 . -18
3-2-10123 3-2-10123 -3-2-10123
FIGURE 10. The OAM spectrums. (a) at 14 GHz. (b) at 14 GHz. (c) at FIGURE 11. The far-field radiation patterns. (a) at 14 GHz. (b) at
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TABLE 1. Comparison between the proposed design and recently published MTSs.

Ref. bandwidth | Beam number Polarized Unit type d/D | OAM mode ! n
[25] 10% 1 LP Propagation 2.38 0 -
[26] 57.1% 2 LP Propagation 1.23 0 37%
[14] 14% 1 LpP Propagation lor2

This work 35.3% 2 LHCP, RHCP | spin-decoupled | 6.41 land 0 40%

beam conversion efficiency is more than 40% at a transmission
distance of 120 mm from the MTS by superimposing the ef-
ficiency of two beams. With the increase of the distance, the
conversion efficiency decreases, and the conversion efficiency
is greater than 30% until the distance is 300 mm.

The OAM spectrums are shown in Fig. 10. The purities for
Il = 1 at 14GHz, 17 GHz, and 19 GHz are 92.41%, 99%, and
78%, respectively. High OAM mode purity is obtained in the

operation band from 14 GHz to 20 GHz.

The far-field radia-

tion patterns under y-polarized incidence at 14 GHz, 17 GHz,
and 20 GHz are shown in Fig. 11. Dual beams are generated:

RHCP (01 = 300, Y1 = 1800,

I = 1) and LHCP (6, = 30°,

= 0°,1 = 0). The simulated beams agree well with the cal-

Bessel beams. The far-field gain is above 18 dBi in 14-20 GHz,
and the simulated aperture efficiencies are 36.3%, 38.5%, and
37.2% at 14 GHz, 17 GHz, and 20 GHz, respectively. Because
LP wave can be decomposed into two equal LHCP and RHCP
waves, both the LHCP and RHCP excitations are done simul-

taneously.

Table 1 is a comparison with recently published Bessel beam
MTS:s in bandwidth, beam number, polarization, unit type, ra-
tion d/D, OAM mode, and conversion efficiency. Compared

with [23], [24

], and [25], the proposed MTS is spin decoupled

with independent control of dual CP, higher d/D ratio 6.41,
higher Bessel beam conversion efficiency 40%, and multifunc-
tion beams with independent control of the beam direction, po-

culated results. Vortex beams are clearly observed for first or-
der Bessel beams, and there is no vortex property for zero order

larization, and OAM mode.
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5. CONCLUSION

This paper develops a high efficiency spin-decoupled MTS
which is researched for wideband multifunctional Bessel beams
with independent control of the beam direction, polarization,
and OAM mode for near field applications. As an example, a
spin-decoupled MTS is designed for wideband dual CP Bessel
beams: Beam-I (RHCP, 6; = 30°, o1 = 180°, 1 = 1),
Beam-II (LHCP, 63 = 30°, 92 = 0°, 1 = 0). Compared
with recently published MTSs on Bessel beams, the proposed
MTS is spin decoupled with dual CP, higher d/D ratio 6.41,
higher Bessel beam conversion efficiency 40%, and multifunc-
tion beams with independent control of the beam direction, po-
larization and OAM mode. The developed design technique
can be used in designing high efficiency MTSs in the near field
application scenarios such as dense channel high capacity com-
munication, high-resolution microwave imaging, near-field de-
tection, efficient wireless energy transmission, and medical de-
tection.
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