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Structured electromagnetic waves carrying non-vanishing orbital angular momentum (OAM) have
recently opened up new frontiers in the field of wave physics, holding great promise for a wide range of
potential applications. By leveraging geometric phases originating from spin-to-orbital interaction, spin-
dependent wave phenomena can be created, leading to a new realm of dispersionless wave-front
manipulation. However, the currently available transmissive vortex beam generators either suffer from a
narrow bandwidth, require an optically thick device profile, or are limited by a low efficiency, severely
restricting their integration into systems and/or widespread usage for practical applications. Here, we
present the design methodology, physical analysis, and complete experimental characterization of a class of
millimeter-wave Pancharatnam-Berry transmit-arrays with a thickness of about 4¢/3, which enables highly-
efficient generation and separation of spin-controlled vortex beams over a broad bandwidth, achieving an
unprecedented peak efficiency of 88% for a single vortex beam and 71% for dual vortex beams. The
proposed transmit-array, which is capable of providing two-dimensional OAM multiplexing and de-
multiplexing without normal-mode background interference, overcomes all previous roadblocks and paves
the way for high-efficiency electromagnetic vortex beam generation as well as other wave-front shaping
devices from microwave frequencies to optical wavelengths.

I. INTRODUCTION

Angular momentum, encompassing spin angular momentum (SAM) and orbital angular momentum (OAM), is one
of the most fundamental and important properties of electromagnetic waves, in addition to phase, amplitude, and
polarization [1,2]. While SAM is associated with the spin (¢) of a circularly polarized wave, which is intrinsic and
directly related to the vectorial nature of light, the OAM is manifested by its annular transverse intensity profile and a
corkscrew-shaped phase-front of the beam [3]. Specifically, a structured beam carrying a well-defined OAM,
commonly referred to as a “vortex beam”, has a phase dependence of exp(-jfp) in its wave-front, where ¢ represents the
topological charge and ¢ is the polar angle, indicating an OAM of €% per photon along the beam axis [4], where 7 is the
reduced Plank constant. Since the initial discovery that beams can carry non-vanishing OAM, there has been a
considerable amount of research interest in exploring their intriguing physical properties for potential applications
throughout the electromagnetic spectrum [5,6]. This has opened up new frontiers in electrodynamic physics with
associated technological advancements in such diverse areas as astrophysical observation [7,8], particle trapping and
manipulation [9,10], quantum information processing [11,12], nonlinear optics [13], microcopy [14], microlasers [15],
and communications [16-19], to name a few.

The conventional methods for obtaining these OAM beams with exotically structured wave-fronts typically employ
transmissive/reflective spiral phase plates [18,20], cylindrical mode converters [21], computer-generated holograms
[22], binary gratings [23], gratings based on whispering gallery mode resonators [24], annular arrays of phased antenna
elements [25], patch antennas operating at higher order modes [26], and so on. However, all of these techniques either
require an optically-large device form factor, necessitate a number of accessory components, or function only within a
narrow bandwidth, thus severely restricting their integration into practical systems.

Recently, based on wave-front engineering enabled by quasi-two-dimensional metasurfaces and transmit-/reflect-
array concepts, various planar vortex beam generators have been proposed and demonstrated. Rather than relying on
optical path difference, the desired aperture field distribution is instead acquired by imposing a spatially-variant abrupt



phase change on an incident electromagnetic wave via an array of inhomogeneous subwavelength building blocks [27].
The reflective-mode devices, which have a solid metallic backing layer behind the inhomogeneous metallic or
dielectric resonator array with spatially-varying geometries and/or dimensions [28,29], have been reported to provide a
single-mode reflected OAM beam from a linearly-polarized incident wave. In contrast, for transmissive-mode vortex
generators, a single- and mixed-mode OAM beam was achieved only with a moderate efficiency or a device thickness
larger than the wavelength of operation [30-33]. A fundamental limitation of these transmit-/reflect-arrays, which rely
on dynamic phase delay, is that the operational bandwidth is very narrow, attributed to the strong dispersion of the
employed metallic/dielectric resonators or the Fabry-Pérot resonance associated with thick dielectric gradient index
slabs.

In an attempt to address the bandwidth issue, a design concept that exploits the geometric Pancharatnam-Berry (PB)
phase was introduced to provide dispersionless phase retardation for circularly-polarized (CP) waves [34,35], which is
physically intriguing as it offers a viable path for generating SAM-dependent OAM beams relying on the spin-to-
orbital interaction (SOI) [36,37,38]. PB phase metasurfaces have been previously exploited for a number of optical
applications including achiral structure enabled optical activity [39,40], integrated spectropolarimeters [41], on chip
chiroptical spectroscopy [42], holograms [43], planar lenses [44], and so on. By designing PB devices that operate in
the reflective-mode, a high operating efficiency can be achieved, reaching 79% and 63% for single and triple OAM
beam generation, respectively [45]. However, for facilitating architectural simplification in the system design and
avoiding performance degradation due to blockage, transmissive devices are often preferable. By aligning various types
of anisotropic resonators with spatially-varying orientation angles in an array [46-49], subwavelength-thick transmit-
arrays have been demonstrated for producing a single-mode CP vortex beam. Multiple OAM beams have also been
accomplished by dividing the array into different segments or interleaving the elementary scatters [50,51].
Unfortunately, due to the existence of only the in-plane electric resonance, the total efficiency of these PB transmit-
arrays is usually too low for practical applications.

In this work, by cascading together three anisotropic impedance surfaces with custom designed anisotropy and
optimizating wave interference in between the layers, we design and realize broadband and high-efficiency functional
PB transmit-arrays. Further overlapping the phase masks of a harmonic spatial light modulator and spiral phase plates
gives rise to devices enabling multiplexed CP vortex beam generation. Importantly, this allows for independent control
of the beam direction, relative intensity, and topological charge for each transmitted vortex beam. Two subwavelength-
thick PB transmit-arrays are demonstrated at millimeter-waves, experimentally achieving an efficiency higher than
50% within a broad bandwidth, with a peak efficiency of 88% and 71% for single and dual vortex beam generation,
respectively. This disruptive metasurface-enabled technology is expected to pave the way for high-efficiency OAM
applications and inspire the emergence of other more complicated wave-front sculpting devices.

FIG. 1. (a) Conceptual configuration of the millimeter-wave PB transmit-array for generating multiple spin-dependent CP vortex beams with independently

controllable intensity, direction, and topological charges. Illustrative schematics indicating that the (b) angles (6,, 6), (c) intensity ratio (/,/I,), and (d)
topological charges (/;, ;) of the outward propagating beams can be controlled independently.

II. RESULTS AND DISCUSSION
A. Multiplexed OAM transmit-array configuration

As shown in Fig. 1(a), the proposed PB transmit-array consists of three metallic layers, each comprised by an array
of identical anisotropic resonators with spatially varying orientations, and two thin dielectric spacers. The transmit-
array imparts a spatially-dependent abrupt phase change on the transmitted waves but not their amplitudes. When a left-
handed circularly-polarized (LCP) wave (i.e. o_ = —1) illuminates the phase-only transmit-array from the -z direction,
a majority of the power will be transmitted with minimal reflection and absorption loss, while transforming it into a
right-handed circularly-polarized (RCP) wave (i.e. 0, = +1). The transmitted RCP wave splits into two directive
vortex beams pointing in the directions 6; and 6, off broadside within the y-z plane, with topological charges of ¢; and
¢, and peak intensities of /; and I, respectively. When the polarization of the incident wave is switched from LCP to
RCP, the transmitted beams become LCP, with the direction angles mirrored about the x-z plane and the sign of the
corresponding topological charges flipped. By controlling the orientation of the unit cells, the phase distribution across
the aperture of the transmit-array can be tailored, thereby providing a means to independently control the direction and
topological charge of each OAM beam, as well as the intensity ratio between the two beams (see Figs. 1(b)-1(d)).

B. Unit cell modeling, design, and analysis



To accomplish such a goal, the unit cells of the transmit-array needs to fullfil simultaneously the handedness
conversion and phase delay for CP incident waves. As it is well-known that for an anisotropic medium or structure, the
transmitted wave can be expressed using the Jones matrix as cos(¥/2) [1,io.] + i sin(¥/2) [1, iog]e29®Prot, where
1 is the phase retardation difference between the transmitted waves polarized along the two optical axes. When the
optical axis of the anisotropic medium or structure is rotated by an angle ¢,.,;, the orthogonally-polarized transmitted
CP wave will experience a PB phase change of ®; = —204¢,,,. In particular, when 1) = m, i.e. a half-wave phase
retardation, the co-polarized residual component vanishes and the transmitted wave becomes purely orthogonally-
polarized, provided that the structural anisotropy is properly controlled [52]. However, an array of resonators with a
single metallic layer is not sufficient to achieve such an electromagnetic response since theoretically it only provides a
maximal efficiency of 25% [53,54]. Here, inspired by previous arguments on highly-transmissive metallodielectric
structures [55-57], the proposed unit cell of the PB transmit-array consists of a three layer structure where each layer
contains a single elliptical metallic resonator (see Fig. 2(a)). An I-shaped slot is etched at the center of the elliptical
resonators for the purpose of miniaturizing the unit cell size, which is beneficial for improving the resolution of the
phase distribution across the transmit-array aperture. The outer, i.e. top and bottom, layers have identical patterns,
which are different from that of the middle layer.

Due to the fact that each functional layer of the unit cell has different geometries, this triple-layer structure can be
understood and designed with the aid of a homogenized model in which each layer was treated as a homogeneous
anisotropic impedance surface (AIS) instead of a bulk homogenized effective medium. In our model, the outer and
inner AIS layers have surface admittance tensors denoted as Y,; = diag[Ypsx, Yosy] and Y, = diag[Yisy Yisyl,
respectively, with non-vanishing diagonal elements along the optical axis for the resonators [58]. Assuming that the
dielectric spacer has a thickness of d; and a relative permittivity of &, the transmission matrix of the entire triple-
layered structure for an x- or y-polarized wave can be expressed as

T, =¥ [ cos (6;) jZssin (05)] 7. [ cos (6;)  jZssin (6s) 7 (1)
ot ™ 7s0|jY;sin (65)  cos (B St[jYesin (65)  cos (65) 1 5°°

where \_(SO(L-) = [1,0; Yo(i)sx(y), 115 65 = \/e_skods, and Z; (Ys) is the characteristic impedance (admittance) of the
dielectric spacers, respectively. The total transmission matrix T;,; can then be inverted into the scatteirng matrix for the
two orthogonal polarizations [59]. In such a way, the transmission amplitude and phase of the structure can be
analytically calculated using the model containing three cascaded AISs. Considering a targeted frequency of 30 GHz
and a commercially available Taconic TLY-5 laminated substrate material with a thickness of d; = 1.52 mm, the
contour plots of the analytically calculated transmission amplitude and phase of the homogenized structure is shown in
Figs. 2(b) and 2(c) as a function of Y,y /Yy and Yisy(yy /Yo, where Y, is the admittance of free space. A dashed black
line was highlighted, tracing out points where the structure provides a near-unity transmission. It can be seen that any
pair of two points on this line with a phase difference of 180° can satisfy the desired unit cell response, i.e. there is an
infinite number of solutions. Taking a closer look at the amplitude and phase distributions allowed us to determine that
structures having Yosx(y)/ Yo and Yigy(yy /Y, closer to 0 have a wider region of high transmission. In this case, no
extreme value of Yog5(yy OF Yigy(yy 1s Tequired, which will yield a larger bandwidth when implemented using realistic
dispersive structures. Hence, the two red circles were selected, corresponding to Y,s = diag[1.05f, —1.15j]Y,and
Y;s = diag[2.15j, —1.70j]Y,, which are located at positions almost symmetrical about the center of the high
transmission region (i.e. the region in yellow color in Fig. 2(b)). Investigations suggested that a thinner or thicker
substrate would require a strongly capacitive or inductive surface, respectively, thus limiting the bandwidth (see
Supplemental Material, Sec. A [60]). It should also be noted that although substrates with a higher dielectric constant
can yield further size and thickness miniaturization, they will significantly introduce more loss at millimeter-waves
[61].

FIG. 2. (a) Unit cell geometry of the PB transmit-array composed of three cascaded anisotropic impedance surface layers. The dimensions are: p, = p, = 3.5,
a,=3.15,b,=2.1,r,=2.03,5,=1.09, a, =2.94, b, = 2.35, r,, = 1.56, and s,, = 1.17, all in millimeters. The substrate material is Taconic TLY-5 (¢, = 2.2,
Own = 0.0009) with a thickness of d; = 1.52 mm. The bounding layer is Rogers RO4450B (g, = 3.3, din = 0.004) with a thickness of d, = 0.09 mm. (b)
Analytically calculated transmission amplitude and (c) phase at 30 GHz as a function of both Y;s,(,y/Y, and Y,y /Y. (d) Retrieved effective surface

admittances Y}SX(y)/YU and YDSX(),)/Y0 for the outer and inner layer metasurfaces. The lumped elements of the equivalanet circuit for the outer and inner

(middle) AIS layers along the x- and y-directions are L,,, = 0.55 nH, C,,, = 11.7 {F, L,,, = 0.12 nH, C,,, = 46.3 fF, L,,, = 0.52 nH, C,,, = 24 {F, L,,, = 0.45 nH,
Cyoy = 50 fF, Ly, = 0.3 nH, C,, = 21.1 {F, L,,, = 0.1 nH, C,,, = 52.3 {F, L,,, = 0.48 nH, C,,, = 28.5 {F, L,,, = 0.6 nH, C,,, = 43.4 fF. (¢)
Simulated/theoretical transmittance and transmission phase of the unit cell as a function of rotation angle (¢.o) at 29.3, 30, and 32.1 GHz. Linear polarization
transmission amplitudes and phases for the (f) outer and (g) inner layer of metasurfaces.

In order to achieve the required surface admittance tensor for each layer, which has complementary responses, i.e.
one capacitive (Im{Y,(;)s} > 0) and the other inductive (Im{Y,;)s} < 0), along the two orthogonal optical axes, the



aspect ratio of the slot loaded resonators were optimized for controlling the degree of anisotropy. In addition, since the
response of an AIS is inherently dispersive, a geometry-induced circuit model, which consists of a parallel LC
connected in series with a series LC (see the inset of Fig. 2(d)), was used to model the frequency-dependent Y, ;)5 ()
of the outer and inner AIS layers. Basically, for each layer, the gap in between adjacent unit cells provides a capacitance
C;, while the metallic portions of the elliptical patch can be represented by an inductance L,. The I-shaped slot at the
center of the patch can be represented as a parallel LC resonator with L, and C,. By optimizing the geometrical
dimensions of the resonators via parametric studies, which tailors the dispersion of the effective surface admittance, a
wide operational bandwidth can be achieved. The normalized effective surface admittance tensor elements for the outer
and inner layers, retrieved from scattering parameters at normal incidence [62,63], are displayed in Fig. 2(d), along
with the values of the lumped elements of the circuit model for the outer and inner AIS layers (see caption). It can be
seen that at the targeted frequency, the effective surface admittances of the discrete AIS meet the requirement dictated
by the theoretical model with negligible real parts, indicating an extremely low loss. Moreover, in the frequency range
from 29 to 32 GHz, the values of the effective surface admittances are slowly varying, especially the components along
the x-direction, i.e. Y, (;)sy, implying that as frequency deviates from the targeted 30 GHz, the response of the structure
will still be well-maintained.

As shown in Fig. 2(b), the T;x and Trg curves of the realistic structure, obtained from a full-wave high frequency
structure simulator (HFSS) solver, are plotted as a function of rotation angle. For the orthogonally-polarized CP
transmitted wave, the phase delay has a dispersionless linear dependence on ¢,.,;, indicating that a stable phase
distribution can be formed over a wide bandwidth. This physically originates from the geometrical nature of the Berry
phase difference, which is equal to half of the area enclosed by the two geodesic lines when a RCP incident wave (i.e.
the north pole of the Poincare sphere) is transformed into a LCP wave (i.e. the south pole of the Poincare sphere) by
passing through structures with a rotation angle difference of ¢,.,.. Regarding the transmittance, 7,z is more than 80%
over a wide frequency range from 29.3 to 32.1 GHz with a peak value of 94% at 30 GHz, while Tk is less than 10%,
meaning that a majority of the incident RCP wave is transformed into a LCP wave and vice versa due to reciprocity. It
should be noted that 7;; remains higher than 50% over a broad bandwidth of nearly 19% (see Supplemental Material,
Sec. A [60]). A design with the same geometry but operating at the mid-infrared regime was also considered, which
achieves a peak Ty of about 63% at 4 pm and a T;x > 50% bandwidth of 10%, showing its promise for various
transmissive optical applications (see Supplemental Material, Sec. B [60]).

The CP transmittance and phase curves calculated analytically using the retrieve dispersive effective surface
admittance tensors and coordinate rotation transformation matrix are also shown in Fig. 2(e). The strong agreement
between the full-wave and analytical results validates the multilayer AIS homogenization model. It reveals the fact that
the interaction between layers are primarily wave interference instead of strong evanescent coupling manifested by a
magnetic resonance [61]. A detailed examination of the transmission amplitude and phase for x- and y-polarized waves
of the individual outer and inner layers also confirms the physical mechanism of the tri-layer transmit-array. As

revealed by Fig. 2(f) and 2(g), all three AIS layers have a transmission (|txx(yy)| > 0.8) due to their small reactance,

ie. |Yo(l-)sx(y)| < 2.5, in a wide frequency range such that the behavior of the AIS is not close to a “short circuit”. For
each AIS, the capacitive response along the x-direction (Im{YO(i)Sx} > 0) causes a phase lag while the inductive
response along the y-direction (Im{Yo(i) Sy} < 0) leads to a phase advance. The transmission phase along the y-direction
is ahead of that along the x-direction by about Ag, = 60° and Agp; = 80° for the outer and inner layers, respectively.
Summing up the phase differences for all three layers results in A@ = 2A¢@, + A@; = 200°, which is close to a half-
wave phase difference. Since each layer does not have perfect transmission, i.e. they are partially reflective, the
interference between them was exploited during the design to achieve a good impedance match as well as a
transmission phase difference modification such that Ap =~ 180° in the band of interest.

C. Design, fabrication, and characterization of spin-dependent single vortex-beam transmit-array

With the designed unit cell, optically-thin planar devices for highly-efficient and wideband wave-front control can
be created by imparting a spatially-varying phase gradient for transmitted CP waves, which bends the wave towards the
direction of a particular diffraction mode with a high purity (see Supplemental Material, Sec. C [60]). In order to verify
such capability, first, a single-beam transmit-array for simultaneous spin-dependent vortex-beam generation and
separation was designed and fabricated (see Fig. 3(a)) with a distribution of ¢, (x, ¥) expressed as

Prot(x,y) = —[(m/nscp)y — £00/2], )



where ny. = 10 and £ = 1 such that the beam direction is pointing at k, = 0, k,, /ko = —0i1 19/ 10p with g4 denoting
the spin of the incident wave.

The fabricated sample was characterized using a near-field measurement system in an anechoic chamber. In the
measurement setup, RCP and LCP horn antennas operating in the frequency range of interest were used as the source
for emitting RCP and LCP waves that illuminate the transmit-array sample (see Supplemental Material, Sec. D [60]). A
linearly-polarized Ka-band open rectangular waveguide was used as the near-field probe for recording the complex
transmitted field in a plane at a distance of 3 cm away from the output interface of the sample. The linearly-polarized
probe was employed to record both x- and y-polarized complex field quantities by rotating it 90° about its center. The
measured vectorial near-field results were then utilized to deduce the far-field intensity and phase patterns based on the
free-space dyadic Green’s function [59].

FIG. 3. (a) Photograph of the fabricated single vortex beam PB transmit-array. (b) Simulated and measured efficiency of the transmit-array as a function of
frequency when illuminated by a LCP and a RCP wave. Normalized measured LCP and RCP components of the near-field (c) intensities and (d) phases at a
plane 3 cm away from the output interface of the PB transmit-array at 29.4 GHz. Normalized measured LCP and RCP components of the far-field (e)

intensities and (f) phases of the transmitted wave of rotation angle (¢..) at 29.3, 30, and 32.1 GHz. Linear polarization transmission amplitudes and phases
for the (f) outer and (g) inner layer of metasurfaces.

The intensity and phase distributions of the RCP and LCP components of the normalized measured near-field of the
PB transmit-array, are displayed in Figs. 3(c) and 3(d), for both RCP and LCP incident waves at 29.4 GHz. It can be
observed that the results agree strongly with simulated results (see Supplemental Material, Sec. E and Sec. F [60]). The
orthogonally-polarized components of the transmitted fields exhibit a circular periphery outlining the shape of the
aperture with a null at the center, which clearly indicates the existence of an optical singularity even in the near-field
region very close to the aperture. The phase distributions of the orthogonally-polarized components of the transmitted
fields possess fork-like patterns, with the bifurcation located at a position coinciding with the intensity null. The
normalized measured far-field patterns for both the LCP and RCP components (see Figs. 3(e) and 3(f)) indicate that the
orthogonally-polarized OAM beams are well separated with a negligible co-polarized residual beam pointing at
broadside, indicating simultaneous achievement of both optical singularity and spin-Hall effect with a high efficiency
[64]. Importantly, the transmit-array protytype accomplished a high efficiency of more than 50% within a broad
bandwidth of 17% with a peak value of 88% (92% in simulation) (see Fig. 3(b)), far superior to the current state-of-the-
art microwave and optical OAM beam generators [28-33,45-51]. The efficiency was defined by the ratio of the sum of
the power associated with all the desired OAM beams to that of the resulting beam when the transmit-array is absent,
i.e. the plane wave passing through the empty aperture, which can be calculated using either the simulated or measured
far-field quantities. Comparing to previous experimental demonstrations of OAM generators at low frequencies, which
only reported a partial characterization by recording a certain field component within a small region in the near-field
[20,21,33,61] or the intensity in the far-field [25], the measurement performed here allowed us a full characterization of
the entire OAM generator.

D. Demonstration of spin-dependent dual vortex-beam transmit-arrays with independent controllability

Multiple controllable vortex beam generation with a single transmissive device is of great importance in a wide
variety of applications including high speed communication systems based on OAM, simultaneous tracking of multiple
particles, and so on. By incorporating spiral phase profiles into a harmonic-response spatial light modulator with
tailored intensity [65], a spin-dependent dual OAM beam generator corresponding to that displayed in Fig. 1 was
designed. The distribution in the rotation angle ¢,.,:(x,y) corresponding to the tiling of unit cells across the quasi-
circular aperture is represented by

bror(y) = —arg (L ayerme i mel?]) @)

where a,, and p,, represent the amplitude and phase of each desired diffraction order (see Fig. 4(a)). Such a duplicator
provides a diffraction efficiency reaching 81%. For the two transmitted OAM beams, which are confined within the y-z
plane, the pointing directions correspond to k, = 0, ky1/kg = —0;4 Ag/Nsc1p and kyp/kg = =04 Ag/Ngcop With
topological charges of £; and £,, respectively, where o, denotes the spin of the incident wave. Since a beam with a
higher order OAM naturally has a lower peak intensity, such a method can serve to precisely control the field strength
for particle manipulation and to balance the signal-to-noise ratio for multiple receivers among the generated vortex
beams with different topological charges. The parameter p,, can be optimized to maximize the efficiency of the finite-
sized transmit-array and to a certain extent improve the overall beam quality. As a proof-of-concept example, the
design parameters were properly chosen such that the resulting PB transmit-array can generate two CP vortex beams



pointing at 8, = 0;4 sin"*[— 1,/8p] and 6, = 0;4 sin"*[1,/23p], while possessing the same peak intensity and
topological charges of £; = 204 and £, = —a;4, respectively. It should be noted that multiple OAM beams can also
be realized by dividing the transmit-array into different segments or interleaving several groups of unit cells each
producing a single beam [50,51]; however, these methods suffer from a significantly reduced overall efficiency as
compared to a harmonic-response PB transmit-array.

FIG. 4. (a) Distribution of the rotation angle (¢,.,;) of the unit cells for generating spin-dependent dual-mode CP OAM beams with high efficiency. (b)
Photograph of the fabricated PB transmit-array sample. Normalized measured LCP and RCP components of the near-field (c) intensities and (d) phases at a
plane 3 cm away from the output interface of the PB transmit-array at 29.4 GHz. Normalized simulated LCP and RCP components of the near-field (e)
intensities and (f) phases at a plane 3 cm away from the output interface of the PB transmit-array at 30 GHz.

Figure 4(b) shows the fabricated PB transmit-array for dual OAM beam generation. The normalized measured near-
field intensity and phase distributions of the RCP and LCP components at 29.4 GHz are displayed in Figs. 4(c) and
4(d), for both RCP and LCP incident waves. The co-polarized components have a near-zero intensity and a flat
distribution, meaning that the spin is almost entirely flipped as the CP incident wave passes through the transmit-array
and the unit cells with different rotation angles have no effect on the phase of the co-polarized waves. Interference
intensity and phase patterns can be observed within a circular area, exhibiting a complicated quad-furcating pattern at
the central region. From the normalized measured far-field intensity and phase patterns of the LCP and RCP
components (see Figs. 5(a) and 5(b)), two well-separated RCP OAM-carrying beams with donut-shaped intensity
profiles and helical phase-fronts can be observed for a LCP incident wave, possessing topological charges of £ = -2 and
¢ = +1 and pointing at k,;/ko = 0.361 and k,,/k, = —0.127, respectively. The measured radius ratio between the

two modes is about 0.72, which agrees well with the theoretical value of 1/v/2 [1]. For a RCP incident wave, the sign
of the topological charges as well as the directions of the two beams are flipped, due to the inherent spin-dependent
property of the geometric phase. Importantly, the intensities of the two OAM beams, although corresponding to
different modes, are about the same (see Fig. 5(e)). Deep nulls can be identified at the center of the two vortex beams,
which indicates the formation of high-quality optical singularities in both beams. The dual OAM beam transmit-array
achieves a measured peak efficiency of 71% (see Fig. 5(f)), with an efficiency > 50% bandwidth of about 13%, which
is a consequence of the wideband high transmittance of the cross-polarized wave and the dispersionless phase
retardation of the employed Berry phase. In particular, even at non-optimal frequencies within this band, the normal co-
polarized mode will be radiated in the broadside direction, which will not interfere with the vortex beams, thus ensuring
a higher mode purity as compared to vortex beams produced at the normal angle [20,31,33,47,60]. Hence, this work
represents a major step forward in the state-of-the-art of multiplexed spin-dependent OAM beam generation with a sub-
wavelength thick transmissive device.

FIG. 5. Normalized measured LCP and RCP components of the far-field (a) intensities and (b) phases of the transmitted beam. Normalized simulated LCP
and RCP components of the far-field (c) intensities and (d) phases of the transmitted beam. (e) Simulated and measured normalized far-field intensities of
transmitted RCP and LCP waves as a function of k,/k, in the y-z plane, i.e. k. = 0. (f) Simulated and measured efficiency of the transmit-array as a function of
frequency when illuminated by a LCP and a RCP wave.

Simulations were conducted to confirm the wave-front shaping phenomena observed in experiments. Both the
normalized simulated near-field (see Figs. 4(e) and 4(f)) and far-field (see Figs. 5(c) and 5(d)) intensity and phase
patterns agree strongly with their respective measured counterparts. The simulated efficiency profile as a function of
frequency, which exhibits a peak efficiency of 76% at 30 GHz, indicates a slight frequency shift of about 2% as
compared to the measured result due to fabrication inaccuracies (see Fig. 5(f)). It should be noted that, by modifying
the design parameters associated with each beam, the beam direction and topological charge of each vortex beam can
be independently controlled, as shown in Figs. 6(a)-(d) (see Supplemental Material, Sec. G [60]). In addition, as shown
in Fig. 6(e), the intensity ratio between the two beams can also be changed to almost any desired value (see
Supplemental Material, Sec. G [60]).

FIG. 6. (a) The direction of the first beam with a topological charge of £ = -2 (or +2) is independently changed to k,/ky = +0.57 (or -0.57). (b) The direction of
the second beam with a topological charge of £ = +1 (or -1) is independently changed to ,/k) = -0.48 (or +0.48). (c) The topological charge of the first beam
is independently changed to have £ = -3 (or +3). (d) The topological charge of the second beam is independently changed to have £ = +2 (or -2). (e) The
intensity ratio of the two beams is changed to be 4:1.

E. Two-dimensional multi-stream vortex beam multiplexing and de-multiplexing

The subwavelength-thick PB transmit-array demonstrated above, which generates two independently controllable
OAM beams within the y-z plane, can be further extended to achieve two-dimensional (2D) massive vortex beam



multiplexing and de-multiplexing. This represents a critical step towards the successful implementation of future OAM-
based millimeter-wave communication and sensing/detecting systems [66]. In this case, the PB transmit-array
possesses a distribution of unit cells with the rotation angle ¢,,:(x, y) across the quasi-circular aperture represented by

¢T0f (x’ y) = —arg (an:l amejpme -J [(nscxmp)x+(—nscymp)y+€m(p/2]>’ (4)

where Ngexm and Ny, control the angular relation between the incident and transmitted beams, while £, determines

the topological charge of each transmitted beam. When an incident RCP/LCP beam, denoted as Sm;g(z), illuminates the
transmit-array at an angle 0,4 Kym/ko = 0;4 Ao/ NscxmP, Oix Kym/ ko = 041 Ag/NgcymP, Where o;4 represents the spin
of the incident wave and m = 1, ..., 4, four vortex beams will be generated each pointing in a distinct direction. By
controlling the added transverse momentum imposed on the incident wave, a LCP/RCP vortex beam with the desired
topological charge of 0;,.¢,, can be steered at a direction normal to the output interface of the transmit-array (see Fig.
7(a)). The other resulting OAM beams will emanate in directions far-away from the normal angle and even fall entirely
outside the visible region of the & space. In such a way, multiple uncorrelated signal beams, each carrying a data stream,
can be combined into a single beam with mixed but separable OAM modes, thereby achieving a highly desirable 2D
multiplexing functionality.

For the same transmit-array, when imposing a certain OAM on the incident wave such that the device is illuminated
by a normally incident LCP/RCP OAM beam carrying a topological charge of —a;.?,,, the topological charge of the
multiple transmitted wave will change accordingly. In such a circumstance, only the one pointing at the outcoming
angle of (—=0iy kym/ko, —0i4 kym/ ko) is a plane-wave-like beam with a vanishing topological charge. All the other
outcoming beams will have higher order OAM modes, thus possessing a much weaker peak intensity (see Fig. 7(c)).
This indicates that an incident beam with mixed OAMs can be separated by such a PB transmit-array into directive
plane-wave-like beams pointing in angularly resolvable directions, thus providing a de-multiplexing functionality. It
should be noted that these two functionalities, i.e. multiplexing and de-multiplexing, are equivalent to the generation of
multiple OAM beams from a single normally incident plane wave as we have previously demonstrated. This
equivalence is due to the principle of transverse and angular momentum exchange between the transmit-array and
propagating electromagnetic waves. Importantly, the residual beams, i.e. the transmitted beams with the same spin as
that of the incident wave, are pointing in directions well-separated from the desired beams. Hence, by virtue of the
spin-determined properties enabled by controlling the geometric phase, simultaneous OAM and polarization
multiplexing/de-multiplexing can be achieved using a single PB transmit-array. This provides a compact and low-cost
solution as compared to previously employed approaches that either adopt a distinct pair of OAM beam converters for
each signal beam or utilize bulky all-dielectric mode converters [18,19].

As an example, by employing the proposed unit cell design, a PB transmit-array allowing for octa-beam
multiplexing/de-multiplexing was designed and numerically validated, which utilizes the two orthogonal circular
polarizations and four OAM modes. The parameters N¢ym and N,y were selected such that the beams S7;).r) and
S2i0)r) are confined within the x-z plane, while the beams S3;,)r(r) and S4;)z(r) are bounded within the y-z plane, with
kyi/ko =ky3/ko = 0.71, kyp /ko = kys/kg = —0.52, and ky; = ky, = ky3 = kys = 0 at 30 GHz. The topological
charge parameters were selected to be —¢; = £3 = 2 and £, = —¢, = 4. Hence, this design is basically a 2D extension
of the dual OAM beam generator. As can be seen from the normalized simulated far-field intensity and phase patterns
displayed in Fig. 7(b), the RCP/LCP incident beams, confined within the x-z plane and designated as S/;z) and S2;zq),
produce LCP/RCP OAM beams with topological charges of —20;, and 40;,., respectively. Conversely, the incident
beams S3,zr) and S4,zz) within the y-z plane produce LCP/RCP OAM beams with topological charges 20;, and —40;,,
respectively. In fact, for each incident beam, four output beams will be generated. By enforcing a large angular
separation between them, the three remaining undesired beams can be positioned in directions far from broadside that
are outside the angular region of interest, thereby ensuring a clean diffraction pattern. Consequently, the output beam
has a far-field pattern featuring a well-defined single OAM mode at the center of the momentum space. Only a minor
spurious OAM beam can be observed near the edge of the visible region due to the smaller angular separation between
the output OAM beams with topological charges of +40;,.

FIG. 7. (a) Conceptual configuration of the PB transmit-array for encoding 8 CP incident beams into a multiplexing mixed-mode vortex beam. (b)
Normalized simulated orthogonally-polarized component of the far-field intensities and phases of the transmitted beam at 30 GHz due to incident beams

Smir and Sm;;,, where m = 1, ..., 4, respectively. (c) Conceptual configuration of the PB transmit-array for de-multiplexing a beam with mixed OAM modes
into 8 CP transmitted beams. (d) Normalized simulated orthogonally-polarized component of the far-field intensities and phases of the transmitted beams
Sm,r and Sm,, at 30 GHz, where m = 1, ..., 4, respectively, due to an incident OAM beam with a topological charge and polarization corresponding to that

shown in (b).



As the normalized simulated far-field intensity and phase patterns reported in Fig. 7(d) show, when a LCP/RCP
OAM beam illuminates the transmit-array at normal incidence, the desired transmitted beam, with a vanishing OAM, is
refracted into different angles depending on the topological charge and spin of the incident wave. In addition to this
plane-wave-like beam, there are three other higher order OAMs beams with a much weaker intensity and a null at the
beam center, which will not affect the signal-to-noise ratio when the desired plane-wave-like beam is being detected.
Specifically, for LCP/RCP incident OAM beams with topological charges 20,4 and —20;,., the resulting RCP/LCP
transmitted beams, which are confined within the principle planes and denoted as S,z and S3,z), respectively, are
pointing in directions that are 0.71k, away from the center of the momentum space. The three residual OAM beams
have topological charges with absolute values of 2, 4, and 6, respectively, as demonstrated by the phase distributions
shown in Fig. 7(d). As a comparison, for LCP/RCP incident OAM beams with smaller topological charges 40;, and
—40;4, the resulting transmitted beams are directed at angles that are 0.52k, away from the center of the momentum
space. The three residual OAM beams in this case have topological charges with absolute values of 2, 6, and 8,
respectively. This confirms that the proposed ultrathin millimeter-wave PB transmit-array has the capability of
processing multiple signals by multiplexing them into a mixed-mode vortex beam as well as de-multiplexing a beam
with mixed OAM indices to recover the original signal beams and to separate them in the momentum space. It should
be noted that for both the multiplexing and de-multiplexing case, the reflection loss is less than 5% and the power that
couples into the desired mode is about 19%, which is still higher than many of the reported transmissive single-mode
OAM beam generators.

III. CONCLUSION

In conclusion, we have presented a metasurface-based approach for designing high-efficiency and broadband PB
transmit-arrays operating in the millimeter-wave band that are capable of producing a single or multiple spin-dependent
OAM-carrying beams. This was achieved by incorporating three cascaded layers of anisotropic impedance surfaces
composed of an array of resonators with tailored wave interference in between the layers and utilizing the geometric
phase via variable rotation of the unit cells. Two subwavelength-thick PB transmit-arrays for highly-efficient spin-
dependent multiplexed OAM beam generation and separation free from normal-mode background interference were
demonstrated, along with independently controllable direction, topological charge, and intensity ratio for each beam.
The phase-only OAM multi-beam transmit-array, which is capable of fulfilling 2D simultaneous polarization and OAM
multiplexing and de-multiplexing, will have a profound impact on future OAM-based systems and is expected to
inspire the creation of other advanced metasurface-enabled electromagnetic structures with unconventional wave-
fronts.
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