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Millimeter-Wave Wideband High Efficiency Circular Airy OAM
Multibeams with Multiplexing OAM Modes Based
on Transmission Metasurfaces

Hui-Fen Huang” and Hong-Ming Huang

Abstract—In this paper, wideband and high efficiency millimeter-wave circular Airy orbital angular
momentum (OAM) beams, which have desired multiplexing OAM modes, directions, and beam numbers,
are generated by the proposed three metal layer transmission metasurfaces (TMSs) with size 12y x 12
based on the Airy-OAM phase superposition method. The measured results indicate non-diffracting
propagation distance 31\, autofocusing property, high aperture efficiency 13.1%, and wideband 16.8%
(28 GHz-33 GHz). The design method can be used for circular Airy OAM beam generation in
point-to-point, point-to-multipoint wireless power transmission (WPT), and OAM mode multiplexing
communication systems.

1. INTRODUCTION

In recent years, the application of vortex beams carrying OAM in large-capacity wireless
communications [1], imaging [2], and other fields has received extensive attention. However, the
divergence angle of the vortex beam expands with the increase in OAM mode number [3]. Recently,
circular Airy beam has attracted great interests because of its non-diffracting, self bending, and abrupt
autofocusing characteristics. The circular Airy beams gradually become Bessel beams in the far-field
after they propagate a certain distance [4]. The autofocusing point and focal length can be controlled by
appropriately selecting related parameters [5]. For many applications it is crucial that a beam abruptly
focuses its energy right before a target while maintaining a low intensity profile until that very moment,
such as medical treatment [6], generation of a light bullet [7], microparticle manipulation [8], security
communications, WPT, high data rate, and efficiency communication systems [9]. In general, above
involve the estimation of the capacity for the case of a wireless communication system operating in
a fading environment [10]. In this paper, the non-diffracting and autofocusing characteristics of the
circular Airy beam are used to alleviate the vortex beam-divergence problem.

Airy quantum wave packets of infinite extent were first discovered by Berry and Balazs from the
Schrodinger equation in 1979 [11]. However, Airy waves were initially considered physically unrealizable
with finite aperture due to the infinite energy content. In 2007, Siviloglou and Christodoulides
introduced an extra exponential decaying factor and experimentally observed finite energy Airy beam
optical field [12]. Since then, Airy beams have been widely investigated in optics [4-8] and in terahertz
(THz) domain [13-15]. Researchers also found tremendous applications for mm-wave and microwave
Airy beams. However, the experimental realizations for optics and THz cannot be used in microwave
and mm-wave because huge size devices are required. Several theoretical analysis and numerical
investigations are made in the microwave and millimeter-wave (mm-wave) bands [16]. Researchers
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have tried to experimentally generate microwave and mm-wave Airy beams by employing metasurface
and microstrip patches [17]. A new Airy family — radially symmetric/circular Airy beams are originally
reported by Efremidis and Christodoulides in 2010 [4], and have been studied intensively due to their
autofocusing property. Many research results have been obtained at optical frequencies including
practical application potentials and controlling the beams, such as intensity contrast, locations, and
focal pattern of the focal point [18]. Ring-Airy beams in THz waves have 5.3 times the pulse energy of
the standard Gaussian THz waves, which have potential applications for the remote sensing of chemical,
biological, and explosive materials from a standoff distance [19]. Autofocusing circular Airy beam
has great application potential in mm wave and microwave for long-distance high-efficiency WPT and
security communication.

The above proposed methods are mainly focused on generating Airy beams without OAM vortex.
A 2-D Airy OAM beam is generated in [20]. Recently, circular Airy OAM beams with autofocusing
property in mm-wave frequency band are reported [9,21]. However, there are not many research results
for circular Airy OAM beams, and the published Airy OAM beams carry single beam along z axis with
single OAM mode.

In this paper, mm-wave circular Airy OAM beams, which have desired multiplexing OAM modes,
directions, and beam numbers, are generated by TMSs. The developed TMSs have the advantages of
wideband 16.4% and high aperture efficiency 13.1%. The paper is organized as follows. Section 2 is the
unit design. TMS design and performance analysis are in Section 3. Experimental results are given in
Section 4, and Section 5 is conclusion.

2. UNIT DESIGN

2.1. Phase Shift Compensation Principle

The schematic diagram for the proposed circular Airy OAM antenna is shown in Fig. 1. It consists of
two parts: a horn feeder (with 3dB beamwidth 27.2°) and TMS, which can produce additional phase-
shift Ay to the incident wave by organizing the (i, 7)th unit on the TMS. The coordinate origin is in
the center of the TMS, and the horn is located at (0, 0, 35 mm). Then, the spherical wave from the
horn feeder is converted into a high-gain circular Airy OAM beam by the TMS. The simulation is done
by the CST Microsoft Studio, and the operation center frequency is 30 GHz.

P(xp,¥0,25)

Figure 1. Schematic diagram of the proposed TMS for multiplexing Airy OAM beams.

In order to obtain spiral phase wavefront for n independent OAM beams with mode [,,,, the required
compensated phase shift Ay for the (7, j)th unit is as follows [22]:

27

2 n ) L (i
Ay = )\—OKM + arg Zexp [] . < i + Iy X tan™? (fsz))] (1)

where ,, = (sin 0,, cos Y, sin O, sin @, cos O,,) is the mth beam direction; m is in the range of 1 ~ n;
Ao is the free space wavelength; r(; ;) is the distance from the (i, j)th unit to the coordinate origin;
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and K(; j) is the distance between the phase center of the feed and the (4,7)th unit at the position (x;,
yj). In order to generate n independent Airy beams, the following additional phase shift should be
compensated [21].

Ay, j) = arg Z {Ai(bo(romm) — i)} (2)

m=1

where Ai(-) is the Airy function, ¢,y the main ring radius of the mth circular Airy beam, and by a
constant. The initial radius of the circular Airy beam is approximately equal to (rg+1/bg). The radius
of the circular Airy beam decreases as it propagates and abruptly autofocuses at the focal point zy, i.e.,
the beam radius essentially becomes zero at z = z;. This shrinkage in radius from (ro 4+ 1/bg) to 0 is
equivalent to a deviation of [4]

D=rg+1 / bo (3)

where D = bgzj% /4k?. The constant by is obtained by setting the desired z¢ and 7o in Eq. (4). Here rg

and zy are assumed to be 0.1D and 240 mm, respectively, and the optimized by is 1.25r¢. Then, the
total compensation phase Ap(z;,y;) for each unit to generate n Airy OAM beams is in Eq. (4):

Ap(zi,y5) = Apij) + Ava) (4)

2.2. Unit Analysis

The unit in Fig. 2 is used to cover 360° phase shift to produce a desired circular Airy OAM beam at
30 GHz. The unit consists of three metal layers separated by an F4B substrate with dielectric constant
2.2 and thickness 3 mm. Two mutually orthogonal narrow rectangular stripes are in the top and bottom
layers, respectively, and the middle layer is a evolved split ring. Figs. 2(a)—(d) are the simulated Floquet
ports model, front views of three metal layers at the top, middle, and bottom layers, respectively. The
top and bottom metal layers act as z- and y-polarization selections, respectively, and the middle layer is
responsible for polarization conversion and phase shift adjusting. The geometry parameters marked in
Fig. 2 are as follows: p =4mm, h = 0.5mm, ¢ = 1.25mm, d = 0.3 mm, w = 0.3 mm, s1 = s2 = 0.75 mm,
gl =0.25mm, g2 = 0.5 mm. The phase shift is controlled by adjusting the geometry parameters L and
the rotation angle ¢ of the evolved split ring.
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Figure 2. The proposed unit structure. (a) 3D schematic view. (b) Side view. (c¢) Middle metal layer.
(c) Bottom metal layer. (d) Top metal layer.

The two mutually orthogonal narrow rectangular stripe arrays in the top and bottom layers
form a Fabry-Pérot-like cavity. The unit has high efficiency polarization-conversion efficiency because
the Fabry-Perot resonance enhances the polarization-conversion, and the consequent interference of
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Figure 3. Phase shift/tansmission coefficient T' curves vs geometry parameter L: (a) for ¢ = 45°, (b)
for ¢ = —45°, (¢) for different incident angles and ¢(45°), (d) for different incident angles and ¢(—45°).
Phase shift/tansmission coefficient T curves vs frequency: (e) for ¢ = 45° and L = 0.5mm, (f) for
¢ = —45° and L = 0.5mm.

polarization couplings in the multireflection process may reduce the overall reflected fields with co-
and cross-polarizations [23]. The interlayer coupling among the three metal layers is crucial to the
broadband polarization transformation functionality [24]. We validated this concept by performing
fullwave numerical simulations. Figs. 3(a), (b) are the simulated phase shift/transmission coefficient T
vs the geometry parameter L curves for ¢(45°) and ¢(—45°), respectively. L is increased from 0 mm to
1.4 mm. First, transmission coefficient T" is analyzed. When the y-polarized EM waves incident on the
bottom layer propagate along the z direction, T}, remains above 0.95, and Ty, is close to zero, where
T,y and T, represent the transmission coefficient of the cross-polarized and co-polarized waves. Zero
co-polarized and high efficiency cross-polarization transmission occurs. When the z-polarized waves
is normally incident on the bottom layer along the z direction, both T, and Ty, keep near zero. It
indicates that the z-polarized waves cannot pass through the bottom layer. The same is for z-/y-
polarized waves incident on the top layer along —z direction. The phase shift is from —68° to 115° for
©(45°) as in Fig. 3(a), and from —247° to —75° as in Fig. 3(b), and then the phase shift covering 3620
is obtained. Figs. 3(c), (d) are the simulated phase shift/transmission coefficient 7' vs the geometry
parameter L curves in different oblique incident angles (0) for p(45°) and ¢(—45°), respectively. There
is no obvious mismatch for the phase shift/7" curves below 40° oblique incidence angle. Figs. 3(e), (f)
depict the simulated phaseshift /transmission coefficient 7" as a function of frequency when L = 0.5 mm.
When the y-polarized EM waves are normally incident on the bottom layer along the z direction, we
can clearly see that T, keeps higher than 0.95 within a wide frequency range 28 ~ 33 GHz. Meanwhile,
Tyz, Tye, and Ty, keep a small value approximately equal to zero.
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3. MS DESIGN AND PERFORMANCE ANALYSIS

3.1. MS Design

30 x 30 units form the circular Airy OAM transmitarray with size 12Xg x 12X¢ (Ao at center frequency
30 GHz), and the unit period is 4mm. The ratio of the aperture size to Z; is 1. As an example, two
kinds of Airy OAM transmitarrays with multiplexing OAM modes (+1 and +2) are designed: (1) Single
beam. Two MS examples with beam directions of (6 = 0, ¢ = 0) and (# = 60°, ¢ = 0), respectively.
(2) Dual beams. One MS example with beams in the directions of (#; = 60°, 1 = 0) and (62 = —60°,

@2 = 0).

3.2. Single Beam

Two Airy OAM MS examples have been designed with beam directions of (61 = 0, p; = 0) and
(0 = 60°, 2 = 0), respectively. The phase distributions for the two MS examples are calculated by
the MATLAB program according to Eq. (4), and shown in Fig. 4(a). Then the corresponding geometry
parameter L is determined according to Fig. 3. The near fields at 30 GHz have been simulated to verify
the vortex and circular Airy properties. The simulated phase (in the focusing plane) and electric field
(in zoz plane) distributions are in Figs. 4(b), (c), respectively. The spiral phase distributions indicate
that the OAM modes are successfully generated. The beams have non-diffracting characteristics within
a certain propagation distance near the Airy foci. The —3dB non-diffraction propagation distance
(Zxppp) for the two examples is about 315 mm. The simulated beam directions are (6; = 0, ¢1 = 0)
and (02 = 58.6°, w2 = 0), which is basically consistent with the designed direction. The OAM-mode-
spectrum distributions in the zoy plane at z = z; are in Fig. 4(d), which reveal that the dominant
OAM modes of [ =1 and | = 2 can be well distinguished, and they are bigger than the other crosstalk
OAM modes by about 16 dB.
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Figure 4. Simulated results for different single beams: (a) Compensated phase distribution. (b) Phase
distribution in the focusing plane. (c) Electric field distribution on the zoz plane. (d) OAM mode
purity in the focusing plane.

For OAM beam (I =1, 2, 0 =0, ¢ = 0), a simulated near-field comparison between the Airy OAM
beam and conventional (Conv.) OAM beam in zoz and zoy planes at 30 GHz is shown in Fig. 5. There
is a certain non-diffracting propagation distance near the Airy focus for the Airy OAM beam as in
Fig. 5(a). Three observing planes are taken at different distances to analyze the E field characteristics
of the Airy OAM beam, as shown in Fig. 5(b). There are a maximum amplitude and a minimum size
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Figure 5. The E-field distributions. For the Airy OAM beam: (a) in the yoz plane, and (b) in zoy
plane on three observing plane. For the conventional OAM beam: (c) in the zoz plane, and (d) in
xoy plane on three observing planes. The results for the Airy OAM beam in the focusing plane at
z =240 mm at different frequencies: (e) amplitude, (f) phase.
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of donut-shaped patterns at z = 240 mm. Figs. 5(c), (d) show the E-field distributions of the Conv.
OAM beam. The Airy OAM beam has convergence characteristics and smaller divergence angle than
the Conv. OAM beam. The broadband property is proved by the E-field and phase distributions on
the focal plane at z = 240 mm at different frequencies as in Figs. 5(e), (f).

3.3. Dual Beam

The designed dual beams are (I =1, 2, 6; = 60°, ¢; = 0) and (I =1, 2, 03 = —60°, p2 = 0). Fig. 6(a)
shows the electric field distribution in yoz, and the —3 dB non-diffraction propagation distance (Zxppp)
is about 310 mm. The simulated dual beam directions are (6 = 58.6°, 1 = 0) and (f2 = —58.5°,
@2 = 0), which are consistent with the designed directions. Fig. 6(b) shows the electric field distributions
for the dual beams in six zoy planes, that is, two focal planes, observation plane I/II/IIT and observation
plane I'/II'/IIT" marked in Fig. 6(a). There are a maximum amplitude and a minimum size of donut-
shaped patterns at z = 240 mm, which can verify the autofocusing and non-diffraction properties in a
propagation distance. The simulated phase and OAM-mode-spectrum distributions for the dual beams
in the focal plane are shown in Fig. 6(c). The spiral phase distributions indicate that the OAM modes
are successfully generated. Fig. 6(d) reveals that the dominant OAM modes of [ = 1 and [ = 2 can be
well distinguished, and they are bigger than the other crosstalk OAM modes by about 13 dB.
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Figure 6. Simulated results for the dual beams. (a) Electric field intensity in the xoz plane. Results
in the focusing planes: (b) electric field intensity, (¢) phase OAM-mode-spectrum distributions.
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4. MEASUREMENT RESULTS

In order to verify the design, a prototype was manufactured and tested for the MS with dual beams
(l=1,2,6, =60° p1 =0) and (I =1, 2, 3 = —60°, o = 0), which is shown in Fig. 7(a). Fig. 7(b)
shows near field test environment. The feed uses a standard gain horn antenna, which is located at
50 mm of the MS.

@

Figure 7. (a) The fabricated MS. (b) MS test environment.

Figure 8 shows the measured and simulated electric field intensity distributions at different
frequencies on the xoz plane, and the simulated and measured results agree well. The maximum
non-diffraction distance is about 304 mm. It is concluded that the dual Airy OAM beams carrying +1,
+2 modes are generated from 28 to 33 GHz, and the OAM bandwidth is 16.4%. The measured aperture
efficiency is 13.1% (The maximum gain of both beams is 14.7 dBi).

Figure 8. The simulated and measured electric field intensity on the yoz plane.

Table 1. Comparison between the proposed MS and the reported.

Non-diffracti OAM | Apert Z Apert
Ref. | J0 Type on-ciffiracting APEITUe | ENDPD | 5 /D |Bandwidth | DTV
(GHz) beam mode | size D(Xg) (Xo) efficiency
Singl Not
[15] | 400 Folded Airy beam no 53.3 26.7 05 me’e N
frequency | mentioned
Not
[25] 5.86 Transmitarray Airy beam no 22 78 3.55 1.4% ?
mentioned
Not
[21] 47 Reflectarray Airy beam +1 70.5 391.7 5.56 10.8% f)
mentioned
Single Not
[26] 10 Reflectarray Bessel beam +1 &+2 13.3 16.7 1.26 .
frequency | mentioned
o
ul;{ 30 |Transmitarray| Airy beam |+1&+ 2 12 31 2.63 16.4% 13.1%
wor

Ao: wavelength corresponding to the frequency fy.
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Table 1 shows the comparison between the proposed design and recent related studies. In the models
proposed in [15,25], the generated Airy beam does not have the OAM characteristics. Compared with
the generation of Bessel vortex beams carrying multiple OAM modes [26], this work can generate Airy
OAM beams with autofocusing and has larger Zyppp/D ratio. Compared with the nondiffractive Airy
OAM single beam generated by reflectarray [21], we use transmission arrays, which have high aperture
efficiency and high focusing efficiency, to generate multibeams with desired multiplexing OAM modes
and beam directions. So the proposed circular Airy OAM TMSs have the advantages of multibeams,
multiplexing OAM modes, wideband 16.4%, and high aperture efficiency 13.1%.

5. CONCLUSION

In this paper, TMSs with size 12Ag x 12)\g are proposed to generate millimeter-wave circular Airy
OAM beams with desired multiplexing OAM modes, directions, and beam numbers based on the Airy-
OAM phase superposition method. The measured and simulated results agree well and validate the
design method. The measured results indicate non-diffracting propagation distance 31)g, autofocusing
property, and high aperture efficiency 13.1%.
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