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Abstract—Multibeam antennas have emerged as a promising 

concept for applications where selective beam coverage is 

required. Multibeam radiation can be achieved leveraging the 

concept of metasurfaces, enabling the radiated wavefronts to be 

tailored in an all-electronic manner, making reconfigurable 

multibeam operation possible without the need for bulky feeding 

structures or complex phase shifting circuits. Here, we 

demonstrate a simple, planar, printed-circuit-board (PCB) based 

parallel-plate waveguide (PPW) holographic metasurface antenna 

capable of producing dual-polarized multibeam radiation 

patterns. The metasurface is synthesized using an array of 

subwavelength slot-shaped unit cells (or irises) coupling to a 

guided-mode reference-wave launched into the PPW using a single 

coaxial feed. As a design example, we demonstrate numerically 

and experimentally a metasurface antenna creating polarization-

dependent multibeam radiation patterns with three main lobes in 

azimuth and elevation planes.  

 
Index Terms—metasurface, metamaterials, multibeam, dual-

polarization, holography.  

I. INTRODUCTION 

ETASURFACES are artificial structures synthesized using 

an array of subwavelength unit cells distributed in a 

periodic or aperiodic fashion [1-6]. These artificial surfaces can 

exhibit rather unusual electromagnetic (EM) properties, 

opening up a host of interesting opportunities, enabling the 

engineering of the radiated wavefronts to synthesize a desired 

radiation pattern of interest from such surfaces. 

The concept of multibeam antennas has been well documented 

in the literature [7-14]. Such antennas offer several advantages, 

especially in scattering environments, such as reducing the 

multipath fading and minimizing the RF interference, and 

providing simultaneous coverage of multiple areas. Multibeam 

antennas are adopted across a wide range of application 

spectrum, including surveillance systems, wireless and satellite 

based communications, smart antennas, Doppler radio-guides, 

and radio altimeters, to name a few.  

Reflectarrays [7-11] and transmitarrays [12] have gained 

traction as a means of creating multibeam radiation patterns 

using planar surfaces. An important feature of these antennas is 

the phase control of the individual elements (transmit phase for 

transmitarrays and reflection phase for reflectarrays), enabling 

the manipulation of the radiated wavefronts without using 
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complex phase shifting circuits. Recently, a metasurface based 

multibeam transmitarray design has also been demonstrated 

[13]. Although exhibiting a relatively simple system 

architecture and high-fidelity multibeam radiation patterns have 

been achieved using these antennas, conventionally, 

reflectarrays and transmitarrays require a secondary feed, 

placed at a certain distance from the antenna aperture. This 

results in poor device form-factor. For multibeam applications, 

it is of significant interest to further simplify the antenna 

architecture and minimize the device form-factor, preferably 

into a conformal, planar structure. The adoption of slot array 

antennas for beam-synthesis applications has also been studied 

[15, 16].  

Leveraging the concept of metasurfaces, planar multibeam 

antennas can be realized. Such an antenna was demonstrated in 

[14], where a quad-beam radiation pattern was achieved by 

interacting a TM mode surface-wave with an impedance 

boundary realized using a structured pattern of subwavelength 

patches, encoding the desired multibeam radiation pattern onto 

a single polarization state, left-hand-circular-polarized (LCHP) 

or right-hand-circular-polarized (RCHP). An increasing 

amount of research has recently been conducted on antennas 

exhibiting multipolarization radiation characteristics [17-19]. 

Polarization-dependency in radiation patterns can be leveraged 

to reduce the effect of multipath fading, enable frequency reuse 

leading to increased system capacity, and maximize the signal 

strength in a given communication channel.  

Using metasurfaces, it is possible to design a hologram acting 

as a single aperture lens controlling the wavefront on the 

antenna aperture [3]. This is achieved by interacting the unit 

cells across the metasurface layer with a reference-wave; which 

can be a free-space plane-wave, a Gaussian beam or a guided-

mode launched into a waveguide structure [3]. Using unit cells 

exhibiting polarization-dependent coupling to the reference-

wave, such metasurfaces can achieve multipolarization 

radiation characteristics.  

In this paper, we demonstrate a printed metasurface antenna 

radiating dual-polarized multibeam radiation patterns. The 

proposed multibeam metasurface antenna is planar and 

achieves multibeam beam-forming without using phase shifting 

circuits. Using a metasurface layer consisting of linearly-

polarized, slot-shaped subwavelength unit cells oriented in 
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orthogonal axes (vertical and horizontal) across the 

metasurface, the antenna offers the ability to radiate dual-

polarized radiation patterns. The paper is organized as follows: 

Section II discusses the design of the metasurface antenna. In 

section III, the numerical and experiment results are presented 

while section IV provides the concluding remarks.      

II. DUAL-POLARIZATION MULTIBEAM METASURFACE 

ANTENNA DESIGN 

A parallel-plate waveguide (PPW) metasurface antenna is a 

planar structure, synthesized using an array of subwavelength 

metamaterial unit cells, coupling to a reference-wave (or 

guided-mode) launched into the PPW. Using a metasurface 

antenna, the wavefront of the radiated fields can be 

reconfigured without the need for phase shifting circuits and 

power amplifiers [1-6].  

The proposed dual-polarization multibeam metasurface 

antenna consists of a dielectric substrate (Rogers 4003, εr=3.38, 

tanδ=0.0027) with copper clad surfaces on both sides as shown 

in Fig. 1(a). The front surface of the antenna is patterned into 

an array of slot shaped subwavelength unit cells (or irises). The 

metasurface antenna is fed using a coaxial feed in the center, 

launching a cylindrical magnetic field into the PPW in the 

transverse plane (xy-plane), which can be modeled by means of 

the Hankel function [3] as  1

0 cosx gH k H r (x-component) 

and  1

0 siny gH k H r (y-component). Here, kg denotes the 

guided-wavenumber in dielectric, r denotes the distance vector 

on the metasurface aperture with respect to the origin, 
1

0H  is the 

Hankel function of zeroth order and first kind, and ϕ is the 

rotation angle in the transverse-plane of the antenna defined 

with respect to the x-axis. Bold font is adopted for vector-matrix 

notation. Fig. 1(b) demonstrates a depiction of the x- and y-

components of the guided-mode magnetic field reference 

launched by the coaxial feed. The proposed metasurface 

antenna operates as a hologram, converting the PPW bound 

guided-mode reference to a desired radiation in the far-field. 

The design of the proposed metasurface antenna depicted in 

Fig. 1(a) consists of two steps. The first step is the 

characterization of the desired field pattern on the aperture of 

the antenna that would create the radiation pattern of interest in 

the far-field. To this end, we choose two radiation patterns; a 

radiation pattern consisting of three vertical beams encoded in 

vertical polarization (radiated from horizontal slot unit cells) 

and another radiation pattern consisting of three horizontal 

beams (encoded in horizontal polarization (radiated from 

vertical slot unit cells). As the antenna is dual-polarized and 

radiates in both polarizations simultaneously, the resultant 

radiation pattern is the combination of these multibeam 

patterns. Second, following the calculation of the required field 

pattern on the aperture, P, we now focus our attention to 

converting the PPW guided-mode reference to the calculated 

field pattern on the antenna aperture that would create the 

radiation pattern of interest. This is achieved through the 

metasurface layer leveraging the concept of holography. To this 

end, we consider only the phase interaction between the guided-

mode reference (H) and the calculated field distribution on the 

antenna aperture (P) as the beam fidelity is mainly governed by 

the phase information [3]. The conversion of H to P can be 

achieved by defining a phase grating hologram layer (M) as 

  M P H . In this work, we define a phase threshold, 

±200 and place the unit cells at points where 0 020 20   M

is satisfied. This suggest that at points where this phase criterion 

is satisfied, unit cells are present coupling to the guided mode. 

For points where the phase difference is greater than the 

selected threshold, on the other hand, no unit cell (and therefore 

no coupling to the guided-mode) is present (binary hologram). 

As the proposed design radiates three beams in vertical 

polarization and three beams in horizontal polarization 

(therefore six beams in total), this process is performed for all 

the beams required and the resultant holographic metasurface 

patterns are superposed, resulting in the holographic 

metasurface layer of Fig. 1(a), producing the desired multibeam 

radiation pattern of interest when excited by the guided-wave.  

The size of the metasurface antenna is 10 cm x 10 cm, 

corresponding to an electrical size of approximately 15λg x 15λg 

at the design frequency, 25 GHz, where λg is the guided-mode 

wavelength within the dielectric substrate. To ensure single-

mode operation, the thickness of the metasurface antenna was 

chosen to be t=1.524 mm, or λg/4.3, satisfying t<λg/2.  

The metasurface antenna was designed using a finite integration 

technique (FIT) based full-wave EM solver, CST Microwave 

Studio. The antenna was designed to radiate multibeam 

radiation patterns consisting of three main lobes oriented in 

azimuth and elevation as a function of the radiation 

polarization. It should be noted that the multibeam 

configuration consisting of three main lobes is an arbitrary 

choice and the metasurface antenna can, in fact, produce other 

types of radiation patterns. Moreover, the metasurface can be 

tuned dynamically by controlling the coupling response of the 

unit cells using voltage controlled semiconductor devices [1-3].  

As shown in Fig. 1, the metasurface aperture consists of 

vertically- and horizontally-oriented slot-shaped unit cells. The 

vertical unit cells couple to the vertically-polarized (y-axis) 

magnetic field (H-field) of the reference-wave within the PPW, 

producing horizontally-polarized electric field (E-field) 

radiation. The horizontal unit cells, on the other hand, couple to 

the horizontally-polarized (x-axis) H-field of the reference 

wave, producing vertically-polarized E-field radiation. The 

length of the slot-shaped unit cells is 2.5 mm, corresponding to 

approximately λg/2.6 at 25 GHz while the width of the unit cells 

is 1 mm, or λg/6.5. The unit cells are arranged on a square lattice 

with the periodicity of the lattice being equal to 3 mm, 

corresponding to λ0/4 (with respect to the free-space 

wavelength) or λg/2.2 (with respect to the guided-wavelength). 

III. RESULTS AND DISCUSSION  

The metasurface antenna demonstrated in Fig. 1 was designed 

to produce multibeam patterns with three distinctive main lobes 

oriented in elevation and azimuth, respectively. This multibeam 

pattern configuration is governed by the radiation polarization 

of the metasurface. The simulated radiation patterns of the 
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metasurface antenna are shown in Fig. 2. In Fig. 2, the radiation 

pattern in the ϕ=0° plane is horizontally-polarized and the 

metasurface antenna produces a multibeam pattern with three 

distinctive main lobes oriented in azimuth. In the ϕ=90° plane, 

the radiation pattern is vertically-polarized, exhibiting three 

main lobes in elevation. It should be noted that, here, the 

polarization of the antenna is defined with respect to the 

polarization of the E-field radiation. The simulated gain of the 

multibeam metasurface antenna was recorded to be 10.2 dBi 

while the efficiency was 38.3%. We note that the aperture 

efficiency of the antenna can be further improved using a 

number of techniques including; a) increasing the phase range 

threshold for the unit cells, and b) using more sophisticated 

modulation schemes in comparison to the adopted binary 

scheme, namely grayscale amplitude modulation and/or phase 

modulation, which would require using unit cells with more 

advanced amplitude and phase control characteristics [20]. 

 

                                               (a) 

 
                                           (b)  

Fig. 1. Metasurface antenna (a) antenna structure. A close look-

up at the feeding structure and two selected unit cells (with 

guided-mode coupling) is also shown. A capacitive ring slot 

was added to improve impedance matching (b) guided-mode 

(phase pattern); x-component (left) and y-component (right).   

 
Fig. 2. Simulated far-field radiation patterns of the metasurface 

antenna. Red solid line denotes the vertical polarization with 

three main lobes in elevation (ϕ=90° cut). Blue dashed line 

denotes the horizontal polarization with three main lobes in 

azimuth (ϕ=0° cut). Logarithmic scale. 

 

Following the full-wave simulations, the polarimetric 

metasurface antenna was fabricated using an LPKF laser 

printer, LPKF Protolaser U3. The fabricated metasurface 

antenna is demonstrated in Fig. 3.  

 
 (a)               (b) 

Fig. 3. Fabricated dual-polarized multibeam metasurface 

antenna (a) front-view (b) back-view. 

 

Fig. 4 demonstrates the simulated and measured reflection 

coefficient patterns of the antenna. The measurement was done 

using a vector network analyzer (VNA), Agilent N5245A. As 

shown in Fig. 4, both the simulated and measured S11 patterns 

remain below |S11|<-10 dB at 25 GHz.  

 
Fig. 4. Simulated and measured |S11| patterns of the antenna. 

 

The radiation pattern of the fabricated antenna was measured 

using a planar near-field scanning system, NSI-200V 3 x 3 over 

a field-of-view (FOV) of ±60°. The radiated fields by the 
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metasurface antenna were characterized using an NSI 

waveguide probe antenna as a reference, NSI-RF-WR42, 

performing a dual-polarization measurement (vertical and 

horizontal). The measured radiation patterns of the metasurface 

antenna are shown in Fig. 5. The gain of the antenna was 

measured to be 10.1 dBi.  

 
                                                (a) 

 
                                                (b) 

Fig. 5. Measured far-field radiation patterns (a) ϕ=90° cut (b) 

ϕ=0° cut. Simulation results (red solid line) are plotted on top 

for comparison. Logarithmic scale. 

 

Analyzing Fig. 5, it is evident that the metasurface antenna 

produces a dual-polarized multibeam radiation pattern with the 

main lobes oriented in elevation and azimuth planes for vertical 

and horizontal polarizations, respectively. It can also be 

concluded from Fig. 5 that the measured radiation patterns are 

in good agreement with the full-wave simulations.  

IV. CONCLUSION 

We have demonstrated a printed PPW metasurface antenna 

with dual-polarized multibeam radiation characteristics. Using 

the developed metasurface, high-fidelity multibeam radiation 

patterns have been demonstrated numerically and 

experimentally. The demonstrated metasurface antenna offers a 

simple and yet an effective way of engineering the wavefronts 

of the antenna radiated fields, producing the desired multibeam 

radiation patterns in the far-field. The generation of the 

metasurface-encoded multibeam patterns is achieved using a 

holographic principle; by interacting the PPW guided-mode 

reference with the metasurface layer. The demonstrated 

multibeam metasurface antenna holds potential to be adopted in 

applications where selective beam coverage is required. The 

metasurface is planar, and hence exhibits low form-factor, uses 

a single-feed, is based on a simple PCB technology and requires 

no mechanically moving parts or phase shifting circuits to 

achieve beamforming.  
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