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[bookmark: _Hlk204185195]Supplementary Note 1. Derivation of the Convolutional MIMO Angular-Spectrum Framework
S1.1 Aperture field and angular-spectrum representation
The programmable metasurface (PMS) considered in this work operates on the aperture field distribution, whereas the radiated beam characteristics are observed in the angular-spectrum or far-field domain. The connection between these two domains is established through the two-dimensional Fourier transform. For an aperture field F(x, y), its angular-spectrum representation is defined as

		
with the corresponding inverse transform

		
Here, kx and ky denote the transverse-wavevector components. Under the angular-spectrum framework, the field distribution over the PMS aperture and the radiated spatial spectrum form a Fourier-dual pair. Therefore, local phase coding on the metasurface aperture can be interpreted as a spectral-shaping mechanism in the radiated angular domain.
In the present work, this Fourier-dual relationship is not introduced as a purely formal analogy to time-frequency signal processing. Rather, it provides the physical basis for transferring the multiplication–convolution relation from the aperture plane to the angular-spectrum domain, thereby allowing the PMS to be interpreted as a convolutional remapping operator acting on a multiplexed structured wave.
S1.2 Multiplexed OAM Input Basis and Angular Orthogonality
The feed-side Butler-matrix-fed UCA synthesizes the incident field on the PMS aperture as a superposition of multiple OAM modes,

		

where  denotes the set of multiplexed OAM modes, aℓ is the complex weighting coefficient determined by the multi-port excitation state, and uℓ(r)ejℓφ represents the ℓ-th OAM modal basis on the PMS aperture.
The basis of OAM multiplexing lies in the orthogonality of the angular harmonic functions ejℓφ. For two modes with topological charges ℓ and ℓ′,

		
where δℓℓ′ is the Kronecker delta. Equation (S4) shows that the angular dependence of different OAM modes is mutually orthogonal over the full azimuthal interval, which provides the physical basis for mode distinguishability and multiplexed transmission.
It is important to emphasize that this modal orthogonality is established at the feed side and is not created by the PMS. The role of the PMS is instead to act on the multiplexed composite field through a shared aperture operator and to preserve the physically meaningful separability of the modal content under collective steering and propagation shaping.
S1.3 Aperture-Domain Multiplication and Angular-Spectrum Convolution
The PMS is described by an aperture-level transmission function

		
where A(x, y) and ΦT(x, y) are the local amplitude and phase responses, respectively. Since the PMS in the present design is primarily phase-modulated, the amplitude variation is neglected to first order, so that

		
The transmitted aperture field is then

		
Applying the two-dimensional Fourier transform to Equation (S7) yields

		
According to the multiplication–convolution theorem,

		
where ∗ denotes convolution in the (kx, ky) domain. Substituting the multiplexed OAM expansion into Equation (S9) gives

		
and, by linearity,

		
Equations (S10)–(S11) explicitly reveal the convolutional MIMO structure of the proposed system. The feed-side multi-port source first constructs a multiplexed OAM modal basis, and the PMS then performs convolutional remapping of this composite angular spectrum through a shared coding kernel. Therefore, the convolutional framework is introduced here to explain why multiplexed OAM transmission remains valid under a common programmable aperture operator, rather than to provide an ex post facto mathematical description of an already realized effect.
S1.4 Angular-Spectrum Interpretation of the Steering Phase Gradient
The steering function of the PMS is implemented by a linear phase gradient,

		
where

		
and k0 = 2π/λ is the free-space wavenumber. The corresponding steering transmission factor is

		
Its Fourier transform is

		
which acts as an ideal translation operator in the angular-spectrum domain. Consequently, the convolution

		
produces a rigid displacement of the input spectrum by (ksx, ksy). Physically, this means that all coexisting OAM components experience the same steering transformation, and the output remains a co-directionally transmitted multiplexed field rather than a set of independently routed beams.
S1.5 Angular-Spectrum Interpretation of the Radial-Confinement Term
To suppress diffraction-induced beam spreading, a radial phase modulation term with Bessel-type conical characteristics is introduced,

		
where γ is the equivalent conical angle. The corresponding transmission factor is

		
The Fourier transform of a conical phase profile is associated with an annular spectral distribution centered around a radial wavevector magnitude determined by kr. In practice, this means that the radial spectral support of the transmitted field is reorganized into a more concentrated region in (kx, ky) space. As a result, high-divergence components are suppressed and the field evolves with a reduced spreading rate over the designed propagation interval.
Accordingly, the role of γ is to control the radial spectral support of the transmitted wave. A larger kr corresponds to a stronger conical contribution and therefore a stronger radial confinement effect, while the specific choice of γ determines the tradeoff between beam localization, propagation stability, and practical phase realizability.
This behavior should be interpreted as a low-divergence or diffraction-resistant regime rather than as an ideal nondiffracting state.
S1.6 Unified PMS Operator and Modal-Response Interpretation
The total PMS phase function is written as

		
where ΦG is the steering phase gradient, ΦB is the radial confinement term, and ΦM compensates the phase accumulated during propagation from the finite-distance feed to the metasurface aperture. Correspondingly, the aperture transmission kernel can be written as

		
In the present work, Tmode is not interpreted as an operator that independently routes different OAM modes to different directions. Instead, it represents the compatibility of the PMS coding with the multiplexed OAM basis under collective transformation. Since the source side already determines the modal composition of the incident field, the role of the PMS is to preserve the distinguishability of this multiplexed content while jointly imposing directional steering and radial confinement.
Thus, the proposed operator should be understood as a shared aperture-level kernel that simultaneously governs directional control, divergence suppression, and modal compatibility of the transmitted structured-wave ensemble.
S1.7 From Continuous Phase Profile to 1-Bit Coding Matrix
The physically controllable design parameters of the PMS are (θ0, ϕ0), which determine the target steering direction, and γ, which determines the degree of radial confinement. Once these parameters are selected, the continuous phase profile is given by Equation (S19). For the 1-bit PMS used in this work, the final coding matrix is obtained by binary phase quantization,

		
where Q1-bit(⋅) denotes the 1-bit quantization operator and (xm, yn) are the coordinates of the (m, n)-th meta-atom. A practical piecewise implementation is

		
Equations (S21)–(S22) show that the theoretical framework developed here is not only descriptive, but also directly prescriptive: it provides the programmable design variables and the coding rule that connect the wave-domain theory to the practical 1-bit metasurface realization.
S1.8 Physical interpretation of the joint feed–aperture transformation
The complete operation of the system can now be interpreted sequentially. The Butler-matrix-fed UCA first establishes the multiplexed OAM input basis through distinct azimuthal phase progressions. Propagation over the finite feed–aperture separation introduces a common spatial wavefront curvature, which is compensated by ΦM without cancelling the intrinsic OAM phase. The phase-matched composite field then encounters a single shared PMS distribution. In the angular-spectrum representation, the steering term ΦG translates the complete transverse spectrum towards a common propagation direction, whereas the radial term ΦB  reshapes its transverse spectral support to reduce diffraction-induced spreading over a finite distance.
The PMS therefore does not independently synthesize a different propagation operator for each OAM channel. Instead, one common aperture transformation acts linearly on the complete multiplexed field. Preservation of the information-bearing modal basis after this collective transformation is not assumed from the phase design itself; it is evaluated experimentally through the complex-field modal decomposition in Fig. 4 and through the dual-channel communication measurements in Figs. 5 and 6.
Accordingly, the Fourier-domain convolution in Equation (S11) should be interpreted as an operator-level representation of the shared aperture transformation in the joint feed–aperture OAM-MIMO architecture.
Supplementary Note 2. Principle of Realizing Quasi-Non-Diffracting Bessel Beams Based on Coordinate Transformation
Diffraction-Free Property of Bessel Beams refers to their ability to resist diffraction-induced spreading and maintain a relatively unchanged transverse intensity profile over a finite propagation distance in free space. This phenomenon arises from the unique conical wavefront structure and the resulting interference reconstruction effect. In the field of optics, Bessel beams were first proposed by J. Durnin in 1987. [1] Aiming to achieve long-distance propagation of laser and highly directional beams, Durnin derived a paraxial exact solution for the wave equation within a plane perpendicular to the propagation direction, based on scalar diffraction theory. According to the axial symmetry property of diffraction-free beams, when the transverse propagation constant kr (a real number) is less than the free-space propagation constant k0, the electric field amplitude distribution in the transverse plane satisfies the form of a Bessel function and is independent of the propagation direction. The electric field distribution expression for a zero-order Bessel beam in the transverse plane is:

		
where kr and kz are the transverse and longitudinal propagation constants, respectively (satisfying k + k = k2), φ is the azimuthal angle in cylindrical coordinates. Clearly, the integral region part on the right side of equation (S23) conforms to the zero-order Bessel function J0(krρ), and the wave vector dot product is q r = (kr cosφ, kr sinφ, kz).(x, y, z). In cylindrical coordinates, q lies on the conical surface direction.
Due to the square non-integrability of the Bessel function (implying infinite energy), an ideal Bessel field distribution cannot be realized over an infinite plane. Therefore, practical applications can only generate truncated approximate Bessel distributions, known as quasi-diffraction-free Bessel beams. Such beams can only propagate over a finite distance, but this is sufficient for near-field manipulation and efficient energy transfer.
Programmable metasurface in the microwave regime are precisely based on this concept: By utilizing the effective aperture of the array surface and applying spatial phase compensation, the array elements radiate plane waves in specific directions. When these plane waves lie on a conical surface and possess rotational symmetry, their mutual superposition generates Bessel beams in the microwave band (the principle is illustrated in Figure S1a). This principle aligns with Durnin's original conclusion that a zero-order Bessel beam can be formed by the superposition of plane waves with equal amplitude.
For a truncated Bessel distribution field, its carried energy is finite, hence its diffraction-free propagation distance is also limited. From the generation principle, the beam is primarily distributed between the radiation source and the apex of the interference cone. Assuming the effective aperture radius of the antenna is R and the cone half-angle is α, the effective propagation distance Zmax of the truncated Bessel beam, according to geometrical optics theory, is Zmax = R / tan(α). Based on the preset effective energy transfer distance, the required plane wave interference cone half-angle α can be determined. For Bessel beams propagating normally (i.e., along the z-axis), calculating the required plane wave compensation phase for radiation in the radial region is relatively simple. According to the geometrical relationship in Figure S1a, the radiation electric field expression for generating an equiphase surface is:

		
[image: ]
[bookmark: OLE_LINK3]Figure S1. a) Principle of Bessel beam generation via electromagnetic wave superposition. b) Principle of compensation phase calculation for arbitrary-direction Bessel beams based on coordinate transformation. c) Schematic diagram of angle relationships in coordinate transformation.
However, for Bessel beams steered along an arbitrary direction (θ, φ), existing methods struggle to produce ideal steering effects, often suffering from energy leakage in other directions. More effective methods typically rely on geometrical optics transformations, deriving the required compensation phase from the perspective of forming transverse standing wave transmission. However, the geometrical transformation relationships involved are highly complex. 
To simplify the calculation, this paper proposes a compensation phase calculation method based on coordinate transformation, enabling diffraction-free Bessel beam transmission in any arbitrary direction as shown in Figure S1b. Assume the target beam steering angles are (θ, φ). We construct a new coordinate system, termed the Bessel Coordinate System C', such that its z'-axis direction always coincides with the beam steering direction. Therefore, the coordinates of the metasurface elements in the original coordinate system C need to be mapped to the C' coordinate system. This can be achieved using a coordinate transformation transmission matrix. In three-dimensional space, the direction of rotation is typically defined following the right-hand rule. For different coordinate rotations, the coordinates in the new system can be obtained by constructing corresponding rotation matrices. Multiple rotations can be combined into a total rotation matrix via matrix multiplication. As shown in Figure S1c, the coordinate rotation can be decomposed into two steps:
Step 1: Elevation Angle θ Rotation: This can be regarded as a rotation by θ about the y-axis (from the positive y-axis towards the negative y-axis). The corresponding rotation matrix Cθ is:

		
Step 2: Azimuth Angle φ Rotation: This is a rotation by φ about the positive z-axis. The corresponding rotation matrix Cφ is:

		
The total transformation from coordinate system C to C' is obtained by matrix multiplication:

		
Using the coordinate transformation matrix from Equation (S27), the position (xmn, ymn, zmn) of a metasurface element in the original coordinate system C can be mapped to its position (xmn’, ymn’, zmn’) in the Bessel coordinate system C'. Based on this mapping relationship, the actual required phase distribution for the metasurface elements can be further calculated. Finally, the electric field expression for the Bessel beam steered towards an arbitrary direction (θ, φ) can be expressed as:

		
[image: ]
Figure S2. a)-b) Schematic diagrams of optimization for the receiving layer structure and retransmitting layer structure. c) Simulation results of reflection coefficient and transmission loss for the receiving layer. d)-e) Simulation results of reflection coefficient and transmission loss for the retransmitting layer, and phase simulation results of the 1-bit transmission coefficient. f)-g) Surface current distributions under two states.
[bookmark: OLE_LINK4]Supplementary Note 3. Design Principle of the meta-atom
The realization of transmissive metasurface mainly relies on either "receive-retransmit" or electric/magnetic resonant unit structures. Among them, resonant designs are often challenging for practical applications due to excessive unit thickness and limited phase bandwidth. In contrast, the "receive-retransmit" structure has become the mainstream solution due to its simplicity in design, broadband response capability, and low-profile characteristic. As shown in Figure S2, this paper adopts a layered collaborative optimization strategy: first, the metasurface is decoupled into independent receiving and retransmitting layers for separate optimization. After ensuring the optimal electromagnetic performance of each layer, integrated parameter tuning is performed on interlayer coupling parameters (such as dielectric spacing and impedance matching structures), thereby efficiently realizing a programmable transmissive meta-atom with broadband 1-bit phase resolution. 
The specific structure and design include three parts. First is the design of the top receiving layer. As shown in Figure S2a, the top receiving layer adopts a U-slot patch structure printed on a GF265 dielectric substrate, with its operating bandwidth extended through multi-mode resonance. An infinite periodic model was established using ANSYS HFSS to verify its broadband characteristics: when excited by an x-polarized incident wave, electromagnetic energy is efficiently captured by the U-slot and coupled to the central coaxial line. A Lumped port was set at the coaxial output to measure the transmission loss and reflection coefficient. As shown in Figure S2c, the structure achieves transmission loss better than 1 dB in the 4.5–5.6 GHz and a reflection coefficient below -10 dB in the 4.65–5.45 GHz, with an energy capture efficiency >90%, demonstrating its excellent broadband energy receiving capability. Secondly, the bottom layer is a planar dipole receiving layer loaded with parasitic stubs, which can enhance radiation efficiency and expand bandwidth. As shown in Figure S2b, the same optimization and simulation method was used to verify the transmission loss and reflection coefficient of this structure. The simulation results show good performance: transmission loss better than 1 dB in the 4.49–5.42 GHz and a reflection coefficient below -10 dB in the 4.45–5.47 GHz, indicating its excellent broadband energy radiation capability. Meanwhile, symmetric PIN diodes are loaded on the dipole arms for phase manipulation. The core mechanism of phase modulation lies in reconstructing the surface current path by switching the on/off states of the PIN diodes (D₁/D₂) on the receiving dipole arms. As shown in Figures S2f and S2g, when D₁ is conducting, current J₁ flows along path P₁→P₂ to form an equivalent magnetic moment M₁; when D₂ is conducting, current J₂ flows along P₃→P₄ to generate a reverse magnetic moment M₂ = -M₁. This 180° reversal of the magnetic moment directly causes a π phase jump in the retransmitted field, enabling precise switching between binary phase states (0/π). As shown in Figure S2e, the phase of the transmission coefficient can achieve a 180° phase difference across the entire frequency band. In addition, it should be noted that during the lamination of the two layers, the occurrence of two parallel ground planes must be avoided. Meanwhile, a thin PP adhesive is used for lamination to achieve single-point grounding, preventing energy leakage caused by cavity resonance induced by a dual-ground-plane structure.
[image: ]
Figure S3. a) Schematic diagrams of optimization for the PMS meta-atom. d)-c) Simulation results of reflection coefficient and transmission loss for the PMS meta-atom, and phase simulation results of the 1-bit transmission coefficient.
Finally, through precise electromagnetic integration design, the receiving layer and the radiating layer are subjected to full-wave collaborative optimization in HFSS, forming an integrated unit structure as shown in Figure S3a. Full-wave simulation verification shows that under the two diode switching states, the transmission loss of meta-atom is strictly controlled below 0.95 dB in the 4.7–5.4 GHz (Figure S3b), while achieving stable 180° phase switching accuracy (Figure S3c), fully meeting the 1-bit resolution requirement. Compared with the independent performance of separate layers, the bandwidth after integration is narrowed by 8% due to interlayer coupling resonance. However, at the core frequency point of 5.0 GHz, it still exhibits excellent comprehensive performance: the transmission loss is only 0.65 dB, the phase difference reaches 182°, and it fully covers the application requirements of the 5G n79 frequency band (4.8–5.0 GHz).
[image: ]
[bookmark: _Ref188653329][bookmark: _Toc192256876]Figure S4. a) Equivalent circuit and b) placement position of the PIN diode used in the transmissive 1-bit PMS meta-atom. Surface electric field distributions of the transmissive 1-bit PMS meta-atom: c) Electric field distribution of the receiving layer without a bias circuit; d) Electric field distribution of the receiving layer with a loaded bias circuit; e) Electric field distribution of the retransmitting layer without a bias circuit; f) Electric field distribution of the retransmitting layer with a loaded bias circuit.
To balance design cost, PIN diode insertion loss, and operational bandwidth, this work employs SKYWORKS SMP1340-040LF PIN diodes featuring low conduction resistance and nanosecond-scale switching speed. The meta-atom was co-optimized through equivalent circuit modeling and multi-port network analysis, with extracted equivalent circuits for diode ON/OFF states shown in Figure S4a. Phase modulation is achieved by switching diode states via DC bias, necessitating strict RF-DC isolation. Our innovative 1-bit switching mechanism relies on current path reconfiguration, implemented through a reverse-series diode topology (Figure S4b), center-tapped to DC ground (GND), with both terminals connected via DC-blocking inductors to a single bias line, enabling dual-state control with minimal wiring. 
Diverging from conventional approaches, we deliberately avoided λ/4 impedance transformers and radial stubs for RF isolation due to three critical considerations: 1) Transmission arrays cannot accommodate additional bias layers without increasing profile thickness; 2) Blind/buried vias in PCB fabrication significantly escalate costs and manufacturing errors; 3) Simulations confirm traditional isolation structures require precise placement at dipole null-field regions, substantially increasing design complexity. Instead, we innovatively leveraged the equipotential characteristics of the top patch (Figure S4b), placing grounding vias in weak-field regions alongside aperture reshaping to accommodate shorting vias. Symmetrically positioned dual grounding vias at radiation nulls maintain electromagnetic symmetry while reducing fabrication costs by 40%. Electric field distributions (Figure S4d and S4f) verify < 5% perturbation to radiation patch surface fields. The optimized 22nH blocking inductor achieves optimal balance between RF leakage suppression and transmission performance preservation, with key parameters summarized in Table S1.
TABLE S1
GEOMETRIC PARAMETERS OF META-ATOM.
	Parameters
	Value (mm)
	Parameters
	Value (mm)

	P
	30
	L1
	23.6

	Px
	16.8
	L2
	17.7

	Py
	23.2
	L3
	8.4

	sx
	12.15
	w2
	6

	sy
	8.25
	w3
	4.2

	w1
	1.03
	h1
	3.048



Supplementary Note 4. Design Principles of Uniform Circular Array
[bookmark: OLE_LINK5]Using a circular array to generate vortex electromagnetic waves carrying OAM is a relatively conventional method. [2-3] By applying feed signals with equal amplitude and equal phase difference to a UCA consisting of N elements, vortex electromagnetic waves with a given OAM mode order can be generated. If the mode value of the generated OAM beam is ℓ, the relationship between the excitation phase of the n-th element in the circular array and the mode value ℓ can be expressed as: Φn=ℓφn,, where φn = 2πn/N is the azimuth angle of the n-th element. Figure S5a shows a schematic diagram of the uniform circular array. Assuming the OAM beam propagates along the positive z-axis, the position vector rn of the element can be determined by the azimuth angle φn and the radius R of the circular array, i.e., rn = [Rcos(φn), Rsin(φn), 0]. Based on the electric field superposition theorem, the electric field intensity at a spatial point p(r, θ, φ) in spherical coordinates can be solved as:

		
where the array factor F(θ, φ) can be approximately expressed as:

		
where Jℓ is the Bessel function of the first kind of order ℓ. That is, the array factor when a circular array generates vortex electromagnetic waves can be expressed in the form of a Bessel function, and the term exp(jℓφ) in the equation constitutes the phase factor term of the vortex electromagnetic waves. It is not difficult to see from Equation S30 that the modulus of the array factor does not change with the OAM mode value ℓ or the azimuth angle φ, and the radiation intensity can be expressed as:

		
where E0 is a position-independent constant. It can be seen from Equation S31 that the radiation pattern is independent of the azimuth angle φ and is symmetric around the beam propagation axis. According to the properties of the Bessel function, when the mode value ℓ is non-zero, the intensity along the propagation axis is zero. Assuming the number of array elements N = 8 and the antenna operating frequency is 5 GHz, the cross-sectional profile of the radiation pattern varying with the elevation angle θ can be obtained. Figure S5b shows the curve of the radiation pattern as a function of radius when the mode value ℓ = +1. From the radiation pattern, it can be concluded that for a fixed OAM modal value, the beam divergence angle decreases as the array radius increases. Figure S5c presents the curve of the radiation pattern as a function of modal value when R = 1.5λ. From the radiation pattern, it is observed that for a fixed array radius, the beam divergence angle increases as the generated OAM modal value increases.
[image: ]
Figure S5. a) Schematic diagram of a concentric uniform circular array. b) Radiation patterns at different radius R with the OAM mode selected as ℓ = +1. c) Radiation patterns at different OAM mode ℓ with the radius R = 1.5λ.

Supplementary Note 5. Optimization of the UCA Feeding
In this system, it is also necessary to focus on evaluating the energy utilization efficiency of the PMS for the incident field of the UCA. This efficiency is determined by two key parameters: spillover efficiency ηs and illumination efficiency ηi. [4] The spillover efficiency is defined as the proportion of energy radiated by the feed source that is effectively received by the array. The specific calculation formula for spillover efficiency is as follows:

		
here, the numerator and denominator represent the energy received in the region where the metasurface is located and the effective energy radiated by the feed source in the entire space, respectively. Here, we usually assume that the effective radiated energy of the feed source is 1 (unit value). The received energy is obtained by integrating the Poynting vector over the metasurface region. Illumination efficiency, on the other hand, is defined as the loss of aperture efficiency caused by the amplitude tapering of the feed source's radiation field. The specific calculation formula for illumination efficiency can be expressed as:

		
where Aphys is the actual aperture area of the metasurface. It can thus be seen that spillover efficiency and illumination efficiency form a pair of conflicting parameters: when increasing the array size or reducing the distance between the feed source and the metasurface, the feed spillover decreases, but edge tapering is simultaneously exacerbated. Conversely, when reducing the array size or increasing the distance between the feed source and the metasurface, the trends are reversed.
For the design of metasurface with a fixed size, it is essential to systematically balance the mutually restrictive relationship between spillover efficiency and illumination efficiency, with the core lying in optimizing the spatial positioning strategy of the feed source. As shown in Figure S6a, this design focuses on balancing the dual influences of the UCA radius R and its distance F from the PMS to achieve optimal incident field performance. For quantitative analysis, two typical UCA configurations (R=1.5λ and R=2λ) are selected as comparative benchmarks, and the focal ratio (F/D, where F is the focal length from the UCA to the PMS, and D = 6λ) is the actual side length of the PMS) is introduced as a key evaluation parameter. As shown in Figure S6b, for a UCA with radius R=1.5λ and an incident OAM beam mode ℓ=+1, when the F/D increases from 0.5 to 1.0, the feed energy intercepted by the metasurface undergoes exponential decay, causing the spillover efficiency ηs to sharply drop from 77% to 48%. In stark contrast, increasing the focal length significantly improves illumination uniformity: within the F/D range of 0.4 to 1.2, the amplitude fluctuation of the edge field decreases by 62%, driving the illumination efficiency ηi to climb to a peak of 95.6%. This pair of conflicting parameters reaches an optimal balance at F/D = 0.7, where the aperture efficiency (ηs ×ηi) achieves a local maximum of 61.5%. 
[image: ]
Figure S6. a) Schematic diagram of the positions of the UCA and PMS. b) Relationship between aperture efficiency (considering ηs and ηi) and focal ratio when R = 1.5λ. c) Relationship between aperture efficiency (considering ηs and ηi) and focal ratio when R = 2λ. d) Simulation results of efficiency under the combined constraints of circular array radius and focal ratio.
When the UCA radius is increased to R=2λ, as indicated by previous conclusions, the divergence angle of the OAM beam decreases, and the radiation energy density is significantly enhanced. However, this focusing effect exacerbates energy spillover. As shown in Figure S6c, under the same F/D = 0.4 condition, ηs plummets to 58.4%, a 24% decrease compared to the R=1.5λ benchmark. Although increasing F/D can still improve ηi, reaching a maximum of 98%, the decay rate of ηs consistently exceeds the growth slope of ηi, resulting in the system being unable to break through the 52% efficiency bottleneck. This fundamental constraint stems from the geometric optics limit: increasing the radius enhances beam directivity but simultaneously expands the critical angular domain of spillover losses. We conducted simulation experiments, as shown in Figure S6d, to observe changes in feed efficiency under the combined constraints of the circular array radius and focal ratio. These results further validate the previous conclusions. Considering the constraints of both, we finally select R=1.5λ as the radius of the UCA, and the distance between the UCA and the PMS is set to F = 0.7D.

Supplementary Note 6. Design Principles of Butler matrix feed network
[bookmark: _Hlk203750996]When using the same antenna array to generate vortex waves of different modes, the key lies in controlling the phase distribution during the feeding process. Different modes of vortex waves are mainly reflected in the differences in their phase distributions. Therefore, to generate hybrid-mode beams using a traditional antenna array, it is first necessary to design a feeding network. The core function of this feeding network is to enable the same output ports to produce different phase combinations when fed through different input ports. Such changes in phase combinations are crucial for generating vortex waves of different modes. 
The multi-input multi-output structure of the Butler matrix can generate various different phase combinations, thereby enabling the realization of multiple OAM beams. [5] As shown in Figure S7a, the Butler matrix feeding network, as an efficient multi-beamforming technology, its core lies in combining the multi-channel branching function of 3dB couplers with microstrip line-based phase shifters. Specifically, the feeding network first uses 3dB couplers to achieve uniform signal distribution and multi-channel branching, which forms the basis of the feeding structure. As shown in the red line part in Figure S7a, the signal input from one port is distributed step by step through 3dB couplers. Subsequently, each branch path is equipped with a microstrip line phase shifter, which flexibly adjusts the phase of the signal in each branch by regulating the parameters of the microstrip line. In addition to phase control and power distribution, attention must also be paid to the layout of the output ports. To generate vortex beams for the UCA, different output ports need to eventually form a circular distribution. This layout ensures that a uniform phase gradient is formed in space, thereby achieving precise control over the vortex wave mode. Therefore, for an 8-element UCA to generate ±1 and ±2 mode vortex electromagnetic waves, the output ports of the designed 8-input 8-output Butler matrix need to achieve phase differences with output phase intervals of -45°, +45°, -90°, and +90° respectively. After theoretical calculations based on the target phase requirements, the phase parameters of each branch in Figure S7a are as follows:

		
The theoretical phase values of the output ports corresponding to each input port of the 8-input 8-output Butler matrix during feeding are shown in Table S2. In this design, to achieve miniaturization of the feed source, the 3dB couplers mainly adopt 3dB coupler chips packaged in 0603 format based on HTCC (High-Temperature Co-fired Ceramic) technology. These chips feature excellent output amplitude consistency and high isolation, which are beneficial for miniaturized design. Figure S7b shows the test board of the 3dB coupler, where the dielectric substrate used is S7136H with a thickness of 0.508 mm and a dielectric constant of 3.71. The S-parameters of the chip within the required operating frequency band were extracted. As shown in Figures S7c and S7d, the phase difference between the coupled port and the through port of the 3dB coupler is 90°, and their amplitudes are both maintained around 3dB, which is consistent with expectations. 
In addition, in the Butler matrix, signal transmission along different branch paths may cross each other, so a crossover structure needs to be introduced. This structure is often used in microwave circuits for signal transmission in cross circuits, and its principle analysis method will not be elaborated here. In this design, two 3dB couplers are cascaded to form a commonly used crossover structure. As shown in Figure S7e, when electromagnetic waves are fed from port 1, all energy is transmitted and output through port 3 after passing through the crossover structure, with no energy output from ports 2 and 4. Figure S7f shows the fabricated physical prototype of the 8-input 8-output Butler matrix feeding network. The side end of the prototype is the input end of the feeding network, the back side is the output end, and the central port is a reserved test antenna interface. The feeding network consists of 4 metal layers and 3 dielectric layers: the top layer is the main structure of the Butler matrix, and the lower part is a stripline structure composed of three metal layers. Stripline phase shifters are used to control the phase in the feeding branches. In this design, striplines are employed as phase shifters to meet different phase requirements, which facilitates integration with the UCA.
[image: ]
Figure S7. a) Topological structure diagram of the 8-input 8-output Butler matrix. b) Test of the 3dB coupler based on HTCC technology. c) Amplitude characteristics of S-parameters. d) Phase characteristics of the output port of the 3dB coupler. e) Amplitude characteristics of S-parameters at the ports of the crossover. f) Prototype diagram of the 8-input 8-output Butler matrix feeding network.
Figures S8a and S8b respectively show the amplitude of the transmission coefficients and the phase difference between adjacent ports under excitation of each input port in the test of the 8-input 8-output Butler matrix. Figure S8a displays the amplitude characteristics of the output from each port, where the amplitude of the transmission coefficients remains between -15 dB and -10 dB. The main reasons for the amplitude imbalance among ports are: the inability of 3dB couplers to ensure complete amplitude consistency, inconsistent microstrip losses on each branch line, and welding and processing losses. Figure S8b shows the phase difference between adjacent output ports under excitation of different input ports. The overall test results are in good agreement with the theoretical values, but there is also phase inconsistency caused by the dispersion characteristics of the microstrip line. Therefore, when the UCA is used as the excitation source for the programmable metasurface, the actual amplitude and phase values need to be considered in waveform design.
[image: ]
Figure S8. Transmission coefficients when each port of the 8-input 8-output Butler matrix feeding network is fed separately, a) Amplitude, b) Phase.


TABLE S2
REFERENCE PHASE VALUES OF OUTPUT PORTS CORRESPONDING 
TO EACH FEEDING PORT OF THE 8×8 BUTLER MATRIX (UNIT: DEGREE)
	
	Out_1
	Out_2
	Out_3
	Out_4
	Out_5
	Out_6
	Out_7
	Out_9
	


	IN_1
	0
	45
	90
	135
	180
	225
	270
	315
	+45

	IN_2
	0
	-135
	-270
	-45
	-180
	-315
	-90
	-225
	-135

	IN_3
	0
	135
	270
	45
	180
	315
	90
	225
	+135

	IN_4
	0
	-45
	-90
	-135
	-180
	-225
	-270
	-315
	-45

	IN_5
	0
	0
	0
	0
	0
	0
	0
	0
	0

	IN_6
	0
	180
	0
	180
	0
	180
	0
	180
	180

	IN_7
	0
	-90
	-180
	-270
	0
	-90
	-180
	-270
	-90

	IN_8
	0
	90
	180
	270
	0
	90
	180
	270
	90



[image: ]
Figure S9. Schematic illustrations of a) the UCA, and b) the PMS.

Supplementary Note 7. Overall Schematics and Prototype of the Metasurface
The layout of the actual processed UCA and PMS are shown in Figure S9. The UCA consists of various components, including the top antenna layer, the RF ground layer, the stripline layer, and the Butler feed network composed of a 3dB coupler. Different layers are marked with different colors (red, green, purple, blue, and yellow), as shown in figure S7b. The substrate is represented in white. The circular markings around the array represent alignment holes. And the PMS consists of three components, including the receiving layer composed of U-Slots, RF GND layer, and a re-radiation layer with a control network. Meanwhile, we place DC terminals for connecting the FPGA control system on both sides of the bottom layer to control the PIN diode. Different layers are also marked with different colors (red, green, and blue), as shown in figure S9b.

Supplementary Note 8. Analysis of Receiving Characteristics of Vortex Electromagnetic Waves
Currently, the demodulation and reception of vortex electromagnetic waves in the radio frequency band are primarily achieved through aperture sampling on the cross-section perpendicular to the propagation axis. [6] Figure S10 illustrates a typical transceiver link model for vortex electromagnetic waves. The transmitting antenna array generates a vortex beam carrying either a single OAM mode or a mixture of multiple OAM modes. The beam propagates along the positive z-axis, and a sampling reception plane is placed at a certain distance from the transmitter. On this reception plane, a uniform circular aperture sampling scheme is adopted, with N receiving antennas arranged at intervals of 2π / N. The sampling plane is perpendicular to the propagation axis of the vortex beam, and the center of the sampling aperture coincides with the axis. The orthogonality and isolation among OAM modes serve as the foundation for demodulating and separating mixed modes after sampling reception. As derived in Note 7 during the formulation of the field solution for vortex electromagnetic waves, their characteristics are mainly embodied by the phase factor term exp(jℓφ) in the field expression. Therefore, the field solution of vortex electromagnetic waves in cylindrical coordinates can be simplified as:

		
where U0(ρ, z) denotes the field component independent of the azimuthal angle φ. The modal orthogonality of vortex electromagnetic waves is reflected in the fact that when performing an aperture field integral from 0 to 2π for any two electromagnetic vortices with different OAM topological charges, the result can be expressed as:

		
where U1(ρ, z) and U2(ρ, z) represent vortex electromagnetic waves with OAM mode orders ℓ1 and ℓ2, respectively. When ℓ1≠ℓ2, the integral in Equation S14 yields zero. This result holds for vortex beams with arbitrary integer-order OAM modes, indicating that any two different OAM modes are mutually orthogonal. Similarly, when multiple OAM modes are superposed to form a mixed-mode electromagnetic vortex, the mutual orthogonality among different OAM modes can also be demonstrated using the same approach. In practical demodulation and separation of vortex electromagnetic waves, a sampling-based reception method can be employed according to the sampling theorem. Unlike the integration process in Equation S14, the sampling reception involves summation over discrete points rather than continuous integration. Based on the definition of the Discrete Fourier Transform (DFT), performing a DFT on the uniformly sampled aperture data yields the OAM mode spectrum distribution of the vortex beam. This computational procedure constitutes the full-aperture sampling reception and demodulation method for vortex electromagnetic waves. For mixed OAM-mode vortex beams, the concept of mode purity (MP) can be defined during OAM demodulation to describe the normalized proportion of each OAM mode. The expression for mode purity is defined as:

		
where ℓi denotes the designed OAM mode, mag(ℓi) represents the amplitude of the corresponding OAM spectral component, and mag2(ℓi) corresponds to its power. The distribution of mode purity is defined by calculating the proportion of each OAM mode's power within the total power spectrum.
Based on the UCA vortex electromagnetic wave generation model proposed in Note 7, numerical simulations were conducted to generate both single-OAM-mode and multi-OAM-mode mixed vortex beams. The electric field amplitude and phase distributions on the observation plane were extracted, followed by computational analysis of the OAM mode spectrum through demodulation. The parameters of the UCA model were set as follows: dipole antenna elements were used, operating at a frequency of 5 GHz, with 8 array elements and an array radius of 1.5 times the operating wavelength. The observation plane for extracting field data was located 20 wavelengths away from the array, with a size of 1.5 m × 1.5 m. The simulation results are shown in Figure S11, where Figure S11a) presents the result for a single OAM mode, while Figure S11b, S11c, and S11d correspond to mixed multi-OAM-mode scenarios. For demodulating the mode spectrum, an 8-point uniform sampling scheme was employed at the receiver, with the sampling point locations indicated in the amplitude distribution plot in Figure S11. The sampling radius was set to 240 mm. The demodulated mode spectrum clearly shows that the designed OAM mode dominates the mode purity distribution. These numerical simulation results validate the UCA-based method for generating vortex electromagnetic waves and the uniform full-aperture sampling reception technique for such waves.
` [image: ]
Figure S10. Schematic diagram of typical vortex electromagnetic wave beam generation and reception model.
[image: ]
Figure S11. The amplitude and phase distribution of electric field in the observation plane of vortex beams with different mixed OAM modes, as well as the corresponding OAM mode spectrum distribution.

Supplementary Note 9. Results and Analysis of a Dual-Channel OAM Communication System Under Different Deflection Codings
Figure S12 presents the coding states of the metasurface under different deflection directions and the corresponding communication test results. The left panel illustrates the structural distribution under various coding states, demonstrating the capability of the coding strategies to manipulate the wavefront and direction of electromagnetic waves. In this test, Channel 1 (middle panel) was assigned to carry the +1mode vortex beam, while Channel 2 (right panel) was assigned to the -1 mode vortex beam. The communication link distance was set to 1 meter, which is centered within the pre-designed non-diffraction region (0.75m - 1.25m), ensuring stable modal purity of the vortex beams during propagation. The receiving sampling antenna was always perpendicular to the direction of the target beam to maximize reception efficiency. The communication system employed QPSK modulation with a bandwidth of 10 MHz. The constellation diagrams in the middle and right panels clearly depict the signal modulation quality for the two independent channels under the specified conditions. The results show that under different coding states, the constellation points for both channels remain clearly defined and tightly clustered, indicating a low BER and validating the reliability of the system in transmitting two independent OAM modes. This outcome robustly demonstrates the metasurface capability to generate, manipulate, and multiplex different vortex beam modes, providing strong empirical support for high-capacity wireless communication applications.
[image: ]
Figure S12. Performance test of a dual-channel OAM communication system based on metasurface deflection coding. a) Metasurface coding patterns under different deflection directions. b) Received constellation diagram of Channel 1 (carrying +1 mode OAM) at a distance of 1m (QPSK modulation, 10MHz bandwidth). c) Received constellation diagram of Channel 2 (carrying -1 mode OAM) under the same conditions.
References
[1] Durnin, J., Miceli, J. J. Jr & Eberly, J. H. Diffraction-free beams. Phys. Rev. Lett. 58, 1499–1501 (1987).
[2] Thidé, B. et al. Utilization of photon orbital angular momentum in the low-frequency radio domain. Phys. Rev. Lett. 99, 087701 (2007).
[3] Mohammadi, S. M. et al. Orbital angular momentum in radio—a system study. IEEE Trans. Antennas Propag. 58, 565–572 (2010).
[4] Yu, A., Yang, F., Elsherbeni, A. Z., Huang, J. & Rahmat-Samii, Y. Aperture efficiency analysis of reflectarray antennas. Microw. Opt. Technol. Lett. 52, 364–372 (2010).
[5] Tseng, C.-H., Chen, C.-J. & Chu, T.-H. A low-cost 60-GHz switched-beam patch antenna array with Butler matrix network. IEEE Antennas Wirel. Propag. Lett. 7, 432–435 (2008).
[6] Feng, Q., Lin, Y. & Li, L. Extended aperture sample reception method for high-order orbital angular momentum vortex beam mode number measurement. Opt. Express 28, 30824–30835 (2020).
image2.wmf
()

2

(

.

1

(,),)

(2)

xy

jkxky

xyxy

FxyFkkedkdk

p

+¥

+

-¥

=

%

∬


oleObject2.bin

image3.wmf
in

(

,

(,))

j

Eraure

j

j

Î

=

å

l

ll

l

L


oleObject3.bin

image4.wmf
L


oleObject4.bin

image5.wmf
2

()

0

,

2

j

ed

p

j

jpd

¢

-

¢

=

ò

ll

ll


oleObject5.bin

image6.wmf
(,)

(,)(,)

,

T

jxy

TxyAxye

F

=


oleObject6.bin

image7.wmf
(,)

.

(,)

T

jxy

Txye

F

»


oleObject7.bin

image8.wmf
outin

(,)(,)(,).

ExyTxyExy

=


oleObject8.bin

image9.wmf
{

}

outin

(,)(,)(,).

xy

EkkTxyExy

=

%

F


oleObject9.bin

image10.wmf
outin

(,)(,)(,),

 

xyxyxy

EkkTkkEkk

=*

%%%


oleObject10.bin

image11.wmf
out

(,)(,)(,),

xyxyxy

EkkTkkaUkk

Î

éù

=*

êú

ëû

å

ll

l

%%%

L


oleObject11.bin

image12.wmf
out

(,)(,)(,)

 

xyxyxy

EkkaTkkUkk

Î

éù

=*

ëû

å

ll

l

%%%

L


oleObject12.bin

image13.wmf
00

(,;,),

Gsxsy

xykxky

qf

F=+


oleObject13.bin

image14.wmf
000000

sincos,si

,

nsin

sxsy

kkkk

qfqf

==


oleObject14.bin

image15.wmf
()

steer

,

.

()

sxsy

jkxky

Txye

+

=


oleObject15.bin

image16.wmf
2

steer

(,)(2)()(),

xyxsxysy

Tkkkkkk

pdd

=--

%


oleObject16.bin

image17.wmf
steerin

(,)(,)

 

xyxy

TkkEkk

*

%%


oleObject17.bin

image18.wmf
0

(;),sin,

Brr

rkrkk

gg

F==


oleObject18.bin

image19.wmf
conf

.

()

r

jkr

Tre

=


oleObject19.bin

image20.wmf
00

(,)(,;,)(;)(,),

TGBM

xyxyrxy

qfg

F=F+F+F


oleObject20.bin

image21.wmf
steerconfmode

(,)(,)(,)(,).

TxyTxyTxyTxy

=


oleObject21.bin

image22.wmf
[

]

,1-bit00

(,;,,),

mnTmn

CQxy

qfg

=F


oleObject22.bin

image23.wmf
(

)

(

)

,

0,mod(,),2[0,),

1,mod(,),2[,2).

Tmn

mn

Tmn

xy

C

xy

pp

ppp

FÎ

ì

ï

=

í

FÎ

ï

î


oleObject23.bin

image24.wmf
(

)

(

)

(

)

2

0

0

,,0expexpcossind

2

zr

A

xyzikzikxy

³=+

éù

ëû

ò

p

jjj

p

E


oleObject24.bin

image25.wmf
(

)

(

)

22

0

expsin.

Bessel

jkxy

=+

a

E


oleObject25.bin

image26.tiff
@





image27.wmf
cos0sin

010,

sin0cos

θ

θ

θ

C

θ

θ

éù

êú

=

êú

êú

-

ëû


oleObject26.bin

image28.wmf
cossin0

sincos0.

001

φ

φ

φ

C

φ

φ

éù

êú

=-

êú

êú

ëû


oleObject27.bin

image29.wmf
'cos0sincossin0

'010sincos0

'sin0cos001

coscoscossinsin

sincos0.

sincossinsincos

φ

θ

xx

θ

θ

φ

φ

x

yCCy

φ

φ

y

zz

θ

θ

z

θ

φ

θ

φ

θ

x

φ

φ

y

θ

φ

θ

φ

θ

z

éùéùéùéùéù

êúêúêúêúêú

==-

êúêúêúêúêú

êúêúêúêúêú

-

ëûëûëûëûëû

-

éùéù

êúêú

=-

êúêú

êúêú

ëûëû


oleObject28.bin

image30.wmf
(

)

(

)

(

)

'2'2'

00

,exp()())sin.

Besselmnmnmn

jkxyjkz

=+-

jqa

E


oleObject29.bin

image31.tiff
L

Incident Wave

(b)

Incident Wave

(a)
0 0 150 = ONOFF;
& 2 9 < OFFO!
210 2 Zoo
20 ] i
£ 50 ; 5
£ f——su £ ——sn g
530 fe 521 5 s by
20 150 :
40 45 50 55 60 40 45 50 55 60 40 45 5055
Treq. (GHz) Freq. (GHz) Freq. (GHz)
(©) ()

v

6.0




image32.tiff
Incident Wave

g
—-10
3
(o]
g 20
&  |— s, OFFON — S,  OFFON|
n 30 8, ONOFF — S, ONOFH
4.5 5.0 5.5
Freq. (GHz)
(b)
180

o
(=

)
S

,S-parameters (deg)
(=]

2.3}
o

Freq. (GHz)

(©)




image33.tiff
R=1Q L=045nH DC: O
ovo—FT1o VNV oo

R=1Q L=0450H C=0.16 pF 55 nip 2 nH
orr:0—__ 1+ — -0 —

(a)

(b)
(© (CY
[(h)




image34.wmf
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

1

1

exp

ˆ

,,expexp

exp

                 =expsincos

                 =A,

N

nn

n

N

nn

n

jkr

Erjjkrr

r

jkr

jjkR

r

rF

=

=

-

=××

-

+-

å

å

r

l

l

qjj

jqjj

qj


oleObject30.bin

image35.wmf
(

)

(

)

,exp()sin

FNjjJkR

»×

l

l

l

qjjq


oleObject31.bin

image36.wmf
(

)

(

)

22

0

,sin

UEJkR

=

l

qjq


oleObject32.bin

image37.tiff
Amplitude

0 S . o
SNTAEN VAR

10 20 30 40 50 60
Theta (deg) Theta (deg)

(b (c)





image38.wmf
2

feed

Array

spi

2

feed

|(,)|

Ω

|(,)|

Ω

E

θ

d

η

E

θ

d

f

=

f

òò

òò

，


oleObject33.bin

image39.wmf
2

feed

Array

ill

2

physfeed

Array

(,)

|(,)|

Exydxdy

η

AExydxdy

=

òò

òò


image1.wmf
()

(,)(,),

xy

jkxky

xy

FkkFxyedxdy

+¥

-+

-¥

=

%

∬


oleObject34.bin

image40.tiff
(=3
=]

’ 'H"III%IQ ?{ué "
i i —sol
e [ < b
5 ”:ig:"m:g"ﬂ:& 2 40 & 40
gyt S o £
il 02 04 06 08 10 12 02 04 06 08 10 12
gt F/D F/D
(@) ©) ©
)
49.7
421
)]
a5

34.6

27.1

19.5

. 12.0
45 60

R () 75 90
(d)




image41.wmf
[

]

[

]

1458

1278

Φ

Φ

Φ

Φ

67.522.522.567.5

Φ

Φ

Φ

Φ

45.

Φ

(1)22.5

aaaa

bbbb

ci

i

=

====

=-´


oleObject35.bin

image42.tiff
RF input port RF output port
1 Dy, De, 1
2 hybri - hybri hybrid| g, D_.z

1
3 : : Do
Zjhybri Da,  |hybri hybrid| .., E_.4
Das
5 —1 Des 1 S
zjhybrid hybrid hybrid @e —, | _6
| S—
7 : : D, — 7
8 |hybrid D"’“* hybri hybrid @ — | 8

Input port

]
e,
e

5 \|

QOutput port

0 . .
40 45 50 55 6.0

40
4.0 45

W“"‘

= —— SI1 —=— 841
S31 —v— 821

Freq. (GHz)
(©)
[

—— S31
[ —— 521 =

0 45 50 55 60
Freq. (GHz)
(d)
00 M A
—v— 831 —=— 8§11
ba  —— 821 S41

1 T\Fo

Freq. (GHZ)
(e)

op

T
Sub

GND
Sub I

Stripline

Sub
GND




image43.tiff
=5
PPN ~ —~
) 10 = 10 o 10
= =2 =2
—-15 ~-15 —-15
20 \ . 20 \ \ , | _
40 45 50 55 6.0 40 45 50 55 6.0 40 45 50 55 6.0 4 0 4 5 5. 0 55 6.0
Freq. (GHz) Freq. (GHz) Freq. (GHz) Freq. (GHz)
-5 -5 =5
=-10 210 a0k
g By T 2
15 '\’\‘: -5 —-ist
_ . 20 \ \ 50 .
4 0 45 5 0 55 6.0 40 45 50 55 6.0 40 45 50 5 5 6.0 4.0 4 5 5 0 55 6.0
Freq. (GHz) Freq. (GHz) Freq. (GHz) Freq. (GHz)
(a)
60 \ —-120 150 =30
Sl /N /‘/ Tt I /Lef{ ~ m / ~
?)BSU r w1301 3)0140 F u0)51*40
2 ™ 2 b, |2 2
40 /‘. ~-140 }f‘, A 130 5 =50 f"f \4
30 -150 . Q 120 . . -60
40 45 50 55 6.0 40 45 50 55 6.0 40 45 50 55 6.0 40 45 50 55 6.0
Freq. (GHz) Freq. (GHz) Freq. (GHz) Freq. (GHz)
200 =70 100 g
_ —_~ —_ _
o~ Sloof J 5 80 o oof
o Q i) i)
= =z = =
= 180 M = 90 = 80
170 -100 70 LA
40 45 50 55 6.0 40 45 50 55 6.0 40 45 50 55 6.0
Freq. (GHz) Freq. (GHz) Freq. (GHz)

(b)




image44.wmf
Δ

p


oleObject36.bin

image45.tiff
Bottom Layer

i
5}
N
&

—

o]

Z

]

Stripline Layer

GND Layer

Top Layer

[URURURURUR UL LR
(URURURURLRLRL]L]
INN O O
(URURUR U]
(URURURURLURLRL]L]

Bottom Layer

1N [N R
(U URURUR U UL

—
(5]
>
<

—

—~ =)

I Z.

&}

Top Layer

(b)




image46.wmf
(

)

(

)

0

,,,exp(),

UzUzj

=×

l

rjrj


oleObject1.bin

oleObject37.bin

image47.wmf
(

)

(

)

2

1122

0

1

,exp(),exp(),

2

UUzjUzjd

=-×

ò

ll

p

rjrjj

p


oleObject38.bin

image48.wmf
(

)

(

)

(

)

2

2

1

mag

MP,

mag

i

i

n

i

i

l

l

l

=

=

å


oleObject39.bin

image49.tiff
4

Reception radius  Reception aperture

< /V circumference
\

Reception plane

Reception sampling

=

antenna ’

Beam axis

Transmitting antenna




image50.TIF




image51.tiff
30°

50°

Phasc (rad)

y-element

1 36912
x-element

12, Phasc (rad)

369 12
x -element

y—element

9
6
3
1
12 Phasc (rad)

9
6
3
l

369 12
x element

y-element

12 Phase (rad)

13,69 12
x-element

y-element

Phase (rad)

2
T
0
1 36912
x-element

y-element

— w o

(b)

05
0
0.5
-1

Quadrature

0.5

-0.5

Quadrature Quadrature Quadrature

Quadrature

~
(¢]
~—

L 4 + L «
205
E oo
—g 0.5
» . e .
-1-05 0 05 1 -1-05 0 051
In-phase TIn-phase
1
. » L le =
E 0
205 "
. | Ve &
-1-05 0 051 -1-05 0 051
In-phase In-phase
i sk, - T} ..
* o .[o @
E o0
. ks 205 -l
R 4 g 3 [~k k2
-1-05 0 05 1 -1-05 0 05 1
In-phase In-phase

Quadrature

-1-05 0 05 1
In-phase

Quadrature

-1-05 0 0.
Tn-phase

33

-l -05 0 05 1
Tn-phase




