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Abstract—We present the design and performance 

characterization of a thin metamaterial plate for generation of 

orbital angular momentum (OAM) modes of a millimeter-wave 

beam, which can carry independent data streams over the same 

physical medium. The plate has a thickness of 1.56 mm, and 

consists of 3.06 × 0.68 mm rectangular apertures with spatial 

variant orientations. It generates OAM beams l = +1 and l = +3 

with mode purity larger than 77.5% over a bandwidth of 6 GHz 

(25–31 GHz). We then use these streams to experimentally 

demonstrate a 16-Gbit/s millimeter-wave wireless 

communications link using two multiplexed OAM modes, each 

carrying a 2-Gbaud 16-QAM signal. A channel crosstalk less 

than -20 dB over a bandwidth of 4 GHz (26–30 GHz) and bit-

error-rates (BER) less than 3.8 × 10-3 are achieved.  

Keywords—Metamaterials; orbital angular momentum; 

millimeter wave; spatial-division multiplexing 

I. INTRODUCTION  

Orbital angular momentum (OAM) describes a helical 
phase “twist” of electromagnetic waves as they propagate. 
There exists a set of twisting OAM beams with 2πl phase 
shifts, l=±1, ±2, …, representing an orthogonal basis set [1]. 
Due to the orthogonal nature of these beams, multiple beams 
can propagate along the same axis (from a single aperture at 
the transmitter to a single aperture at the receiver) while 
retaining their orthogonality. This enables efficient 
multiplexing and demultiplexing of multiple independent data-
streams [2–5], increasing the total capacity over the same 
physical medium. Several recent experiments have 
demonstrated OAM multiplexing in the RF [3] and mm-wave 
[6–8] domains. For example, we have recently demonstrated a 
32-Gbit/s millimeter-wave data link using eight independent 
OAM beams without the need for electronic digital signal 
processing [6]. 

The typical method for imposing OAM structure on a mm-
wave beam is to either pass it through or reflect it off a spiral 
plate. The spiral phase plate imposes phase twisting on the 
wave, such that the spatial offset thickness of the spiral plate 
over one rotation around the central axis introduces an integer 
multiple of 2π in phase shift. For example, in a 28-GHz system, 
the thickness of the spiral plate made of high density  
polyethylene  (HDPE)  should be at least 2.07 cm and 6.21 cm 
for generating OAM values of +1 and +3, respectively [6, 7]. 
This approach puts a lower limit on the thickness of the 
components in the system. Alternatively, a recent approach has 
shown that a thin metamaterial-like plate can impose an OAM 
value on a fundamental Gaussian beam (e.g., OAM = 0) both 
in RF and optical domains [9–11]. Antenna array can be also 
used to generate OAM beams in RF [12]. 

In this paper, we design and experimentally evaluate such 
metamaterial plates for mm-wave systems, and employ them to 
demonstrate a 16-Gbit/s millimeter-wave wireless 
communication link with data-carrying OAM beams. Two 
15 × 15 cm metamaterias-based plates, consisting of spatially 
variant rectangular aperture (3.06 × 0.68 mm) array are used to 
realize generation of OAM l = +1 and l = +3 beams with mode 
purity larger than 77.5% over a bandwidth of 6 GHz (25–31 
GHz). The designed metamaterials have a thickness of 
1.56 mm and can be manufactured by a commercial printed-
circuit-board (PCB) process. We multiplex two OAM mode 
channels, l = +1 and l = +3, and each channel carries a 
2 GBaud/s 16-QAM signal at 28 GHz carrier frequency. 
Crosstalk levels of < -20 dB over a bandwidth of 4 GHz (26–
30 GHz) and of < -15 dB over a bandwidth of 6 GHz (25–
31 GHz) for both OAM channels are achieved. Owing to the 
low crosstalk from each channel, the BERs for both channels 
can reach lower than 3.8 × 10-3 when the signal-to-noise ratio 
(SNR) is > 12 dB. 



II. METAMATERIALS-BASED MILLIMETER OAM GENERATION 

A. Theoretical Behavior of Metamaterials Phase Plate 

We choose a linearly polarized beam with Jones vector 
Ein = [1 0]T as the input beam to generate the OAM beam. The 
well-known Jones matrix of a local linear polarizer with axis of 
transmission at angle α(φ) can be written as 
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If we can design metamaterials-based spatially variant 
polarizers with orientation of α(φ) = qφ + α0 (q: polarization 
order, α0: initial polarization orientation for φ = 0), then the 
output beam can be expressed as 
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where [1 -i]T and [1 i]T are the two spin eigenstates, 
corresponding to right and left circular polarization states (RCP 

and LCP, respectively). Note that 
2i qe 

and 
2i qe -

 are the phase 

changes for the LCP and RCP components, respectively. 
Therefore, the spatial variant polarizers convert linearly 
polarized light to the LCP (or RCP) component that has an 
azimuthal phase change of 2πl, where l = 2q (or l = -2q), and 
thus transform the Gaussian beam to an OAM beam. 

To further separate the different components of polarization 
states, a linear grating phase change of 2πx/Λ can be added on x 
direction. Therefore, α(φ,x) = πx/Λ + qφ + α0, and the output 
beams can be rewritten as 
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We can identify by inspection that the output beam has three 
wave components. The linear grating phase change results in 
two diffracted waves at symmetric directions for RCP and LCP 
beams with OAM, whereas the linearly polarized Gaussian 
beam propagates in the normal direction. However, an 
additional polarizer is required to select the generated OAM 
beams in Ref. 10. 

If we choose a circularly polarized beam with Jones vector 
Ein = [1 ± i]T as the input beam, the output beam will become 
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which indicates that there are only two beam components in 
the output. The OAM-carrying LCP (or RCP) beam is 
transmited in the diffracted direction, while the normal 
Gaussian LCP (or RCP) beam continues in the same direction 
as the input beam. 

B. Design of Metamaterials-based Spatially Variant 

Polarizers 

Figure 1 presents the schematic structure and geometric 
parameters of the proposed metamaterial plates. We design a 

rectangular aperture array with gradually variant orientation on 
both sides of a two-layered PCB. Each layer of the PCB is 
covered by a copper film with thickness t = 0.03 mm. The 
laminate substrate has a dielectric constant of n = 2.1 at 
28 GHz and a thickness of h = 1.5 mm. The rectangular 
aperture has dimensions of 3.06 × 0.68 mm and the lattice 
constant d = 3.4 mm. Owing to the excitation of waveguide 
resonance in the rectangular aperture, the rectangular aperture 
array can enhance the transmission efficiency of input beam 
with linear polarization, which is perpendicular to the aperture 
direction. Therefore each rectangular unit can be regarded as a 
local linear polarizer [10]. According to Equations (2) and (3), 
we can control the spatial orientation angle of rectangular 
apertures to construct the desired spatially variant linear 
polarizer. As shown in Figure 1(b), the spatially variant 
polarizer with α(φ,x) = πx/Λ + φ/2+ π/2 (Λ = 27.2 mm) can 
generate a l = 1 RCP beam and l = -1 LCP beam. This clearly 
shows a “fork” at the center of the metamaterials. To generate 
a l = 3 RCP beam and l = -3 LCP beam, we need the set 
α(φ,x) = πx/Λ + 3φ/2 + π/2 (Λ = 27.2 mm). The size of the 
metamaterials-based spatially variant linear polarizer in our 
experiment is 150 × 150 mm. They are fabricated by a standard 
PCB fabrication process. Figure 1(c) shows the comparison 
between the thickness of the metamaterials plate with 
hpcb = 1.56 mm and a normal spiral phase plate with 
hspp = 20.7 mm for generation of OAM l = +1. We can clearly 
notice that the metamaterials plate is much thinner than the 
spiral phase plate, which can be advantageous in reducing the 
size of the OAM system. 

 

Figure 1 (a) Schematic structure and (b) geometric parameters of 
proposed metamaterials plate for OAM generation; (c) comparison 
between the thicknesses of metamaterials plate and spiral phase plate. 

 

Figure 2 Illustration of generating OAM beams (OAM l = ±2). There 
normally exist three diffraction order of output beams. Diffraction 
order m = ±1 has OAM l = ±2, respectively. 
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Figure 2 depicts the evolution of the helical phase front 
after passing a regular Gaussian beam through the 
metamaterial plate, which indicates generation of two OAM-
carrying circularly polarized beams (OAM order l = ±2, for 
example). Note that for a linearly polarized input beam, there 
are three diffraction orders: m = 0 and m = ±1. However, for a 
RCP (or LCP) input beam, there exist only two diffraction 
orders: m = 0 and m = 1 (or m = -1, but not both). The power 
transfer to any of these three orders can be easily calculated 
according to Equations (3) and (4). Here, we regard each local 
liner polarizer as a perfect polarizer without power loss. Owing 
to the spatially orientated distribution, 50% of the power of the 
input beam can be transferred to the output beam. Therefore, 
for linearly polarized input, the diffraction efficiency for 
diffraction orders at m = ±1 is 12.5% and at m = 0 is 25%. For 
circularly polarized input, the diffraction efficiencies for 
diffraction orders m = 1 (or m = -1) and m = 0 are both 25%. 
The OAM order, polarization and direction of the zero-order 
output beam remain the same as the input beam. It is worth 
noting that the first-order and minus-first-order outputs realize 
the transformations of three types of momentum 
simultaneously, namely OAM, spin orbital momentum 
(polarization state) and linear momentum (wave vector). 

C. Performance of Metamaterials-based OAM Generator 

We next study the transmission efficiency of the single 
rectangular aperture unit at the frequency band from 15 GHz to 
40 GHz. Periodic boundary conditions and linearly polarized 
plane wave incidences are considered in our full 
electromagnetic wave simulation. Figure 3 shows the measured 
and simulated transmission efficiency dependence on 
frequency. The polarization of the input beam is perpendicular 
to the aperture direction. We calculate the total power of the 
output beams of all polarization states. We can clearly notice 
that the measured and simulated results match each other well. 
The transmission efficiency Tx is above 50% over a 6 GHz 
bandwidth (25–31 GHz) and above 10% over a 8.5 GHz 
bandwidth (23–31.5 GHz). The transmission efficiency reaches 
its highest value, 92.7%, at 27 GHz. However, the transmission 
efficiency Ty for the input with polarization parallel to the 
aperture direction is less than 1% over the bandwidth from 15–
40 GHz. The extinction ratio (ER), defined by 
10 × log10(Tx/Ty), between transmission efficiencies of two 
polarization inputs after the rectangular aperture exceeds 17 dB 
over 25–31 GHz and 10 dB over 23–31.5 GHz. Therefore, the 
rectangular aperture can be regarded as a local linear polarizer 
with a high performance over a bandwidth around 6~7.5 GHz. 

We also investigate the phase characteristics of the single 
rectangular aperture unit dependence on frequency and 
orientation α(φ,x) through simulation. The corresponding phase 
shift for zero-order output beams is obtained as a function of 
frequency, as shown in Figure 4(a). The phase shift decreases 
from -25.8 degrees at 20 GHz to -180 degrees at 26.3 GHz, and 
continues to decrease from +180 degrees at 26.4 GHz down 
to -52.2 degrees at 35 GHz. Under the condition of α(φ,x) = π/2 
and x linearly polarized input beam, the phase shift is the same 
for both the first-order and minus-first-order output beams. A 
spatially variant α(φ,x) will add additional structure-caused 
phase shift (i.e., Pancharatnam–Berry phase) to the first-order 

and minus-first-order output beam. Here, we focus on three 
frequencies, 25 GHz, 28 GHz and 31 GHz, at which the 
transmission efficiency Tx > 50%, and calculate the 
dependence on phase shift on orientation α(φ,x) of the 
rectangular aperture. As shown in Figure 4(b), although the 
phase shifts for the first-order and minus-first-order output 
beams are different at these three frequencies, the relative 
change in phase shift over a 180-degree range of α(φ,x) is 
always +360 degrees (or -360 degrees). Meanwhile, the phase 
shifts are linearly dependent on the orientation α(φ,x), as shown 
in Equation (2). These results indicate that we can use a single 
spatially variant polarizer to generate a same-phase front (i.e., 
OAM order l helical phase front) over a 6 GHz frequency 
bandwidth (25–31 GHz). 

 

Figure 3 The measured and simulated total transmission efficiency 
dependence on frequency for each single aperture. 

 

Figure 4 The phase characteristics of the single rectangular aperture 
unit for (a) zero-order and (b) m = ±1 diffraction order output beams. 
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Figure 5 shows the measured intensity of the generated 
OAM beams after the Gaussian beam has passed through the 
metamaterial, and also shows the interference patterns of the 
OAM beams with Gaussian beams at three frequencies. A 
linear-polarization horn lens antenna with a diameter of 15 cm 
is used as transmitter. At the receiver, a linear-polarization 
directional antenna with a diameter of 1 cm was scanning the 
xy-plane. We measure the intensity of generated OAM beams 
at a scale of 50 × 50 cm with a resolution of 1 cm at 
frequencies of 25 GHz, 28 GHz and 31 GHz. Here, we focus 
on the first-order output RCP beam. We use a linearly x-
polarized beam as input and detect the electrical component at 
the y axis of the output RCP beam. Figure 5(a) clearly shows 
the “donut-shape” intensity of the generated OAM beams, with 
OAM order l = +1 and l = +3. The interference patterns of 
generated OAM beams with normal Gaussian beams clearly 
indicate the helical phase front of the output beams with OAM 
order of l = +1 and l = +3, as expected. 

 

Figure 5 (a) The measured intensity of the generated OAM l = +1 and 
l = +3 beams after Gaussian beam passing through the metamaterials 
plates and (b) the interference patterns of the OAM beams with 
Gaussian beams at 25 GHz, 28 GHz and 31 GHz. 

Figure 6 shows the mode power spectra of the generated 
OAM beams with l = +1 and l = +3, respectively. To estimate 
the mode purity of the generated OAM beams, we use a set of 
so-called spiral phase plates [6, 7] to transform OAM beams 
with OAM orders between l = -4 and l = +4 into Gaussian 
beams. We then use a linear-polarization horn lens antenna 
with a diameter of 15 cm as receiver to measure the power of 
each OAM mode component. For l = +1, the crosstalk between 
neighboring OAM orders can be lower than -12 dB at 25 GHz, 
28 GHz and 31 GHz; for l = +3, the crosstalk between 
neighboring OAM orders can be lower than -10 dB at 25 GHz 
and 31 GHz, and lower than -19 dB at 28 GHz. These results 
show that the mode purities are 86.8%, 90.7% and 92.1% for 

OAM beams with l = +1 at 25 GHz, 28 GHz and 31 GHz, 
respectively; the mode purities are 77.5%, 95.7% and 84.5% 
for OAM beams with l = +3 at 25 GHz, 28 GHz and 31 GHz 
respectively. This proves that the proposed metamaterials are 
capable of generating OAM modes with high purity over a 
6 GHz bandwidth (25–31 GHz). 

 

Figure 6 The generated OAM mode power spectra of (a) l = +1 
and (b) l = +3 using metamaterials plates. 

 

Figure 7 The dispersion schematic and dependence on frequency for 
the first-order output beam. 

Figure 7 shows the dispersion characteristics and 
dependence on frequency for the first-order output beam. In 
order to separate the different components of polarization states, 
we add a linear grating phase change of 2πx/Λ on x direction, 
where Λ = 27.2 mm. A dispersion effect will thereby be 
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introduced to the proposed metamaterials. The inset depicts the 
schematics of the dispersion. The direction angle θ of the first-
order output beam varies with frequency. The numerical results 
show that the dispersion angle decreases from 27.4 degrees at 
24 GHz to 20.2 degrees at 32 GHz. The measured dispersion 
angles are 26.6 degrees, 23.6 degrees and 20.6 degrees at 
25 GHz, 28 GHz and 31 GHz respectively, which matches well 
with the numerical results. We have thus successfully 
demonstrated a metamaterials-based OAM generation 
approach. 

III.  DEMONSTRATION OF METAMATERIALS-BASED 16-GBIT/S 

LINK USING MULTIPLEXING OF TWO ORBITAL ANGULAR 

MOMENTUM MODES 

We now turn to building a free space communication link 
using the proposed metamaterials. Figure 8 shows a diagram of 
OAM multiplexing and demultiplexing. OAM’s inherent 
orthogonality means that different OAM beams can carry 
different data streams, which enables a notable increase in 
capacity for communication. At the receiver, a phase mask 
with exp(-ilφ) can transform OAM beams of order l into a 
normal Gaussian beam, while other OAM modes will retain 
their “donut shape”, allowing each OAM mode to be 
demultiplexed independently. 

 

Figure 8 Concept of spatial-division multiplexing and demultiplexing 
using different OAM beams. 

A. Experiment Setup 

Figure 9 provides a diagram of the experimental setup for 
multiplexing and demultiplexing two OAM beams. We start 
from two linear-polarization horn lens antennas, AT1 and AT2, 
with diameters of 15 cm. Metamaterials PCB1 with 
α(φ,x) = πx/Λ + φ/2 + π/2, Λ = 27.2 mm, and PCB2 with 
α(φ,x) = πx/Λ + 3φ/2 + π/2, Λ = 27.2 mm, convert x linearly 
polarized beams into first-order RCP beams with OAM l = +1 
and l = +3, respectively. In order to let OAM l = +1 (or l = +3) 
transmit exactly along the z (or x) axis, we tilt the 
metamaterials PCB1 (or PCB2) to an angle of 23.6 degrees 
relative to the x (or z) axis. A 50:50 beam splitter (BS) is used 
to multiplex these two OAM beams together. The combined 
OAM l = +1 and l = +3 beams transmit along the same free-
space path for a distance of around 1 m. At this point, we can 
use another metamaterial PCB3, with α(φ,x) = πx/Λ + φ/2 + π/2 
(or α(φ,x) = πx/Λ + 3φ/2 + π/2), Λ = 27.2 mm, to demultiplex 
OAM l = +1 (or l = +3). As shown in Figure 9(b), the PCB3 
recovers the RCP beam with OAM back into the minus-first-
order LCP Gaussian beam, while another mode remains as an 
OAM mode. A lens with focal length f = 1 m and diameter of 

45 cm is used to focus the demultiplexed Gaussian beam. 
Finally, we use another linear-polarization horn lens antennas 
with a diameter of 15 cm to receive the power component on 
the y axis of the Gaussian beam.  

 

Figure 9 Experiment setup for (a) multiplexing and (b) demultiplexing 
two OAM modes, respectively. 

B. Crosstalk and BER Measurements for Two OAM Channels 

For generation, a 28 GHz continuous-wave signal is used at 
the transmitter. Limited by the bandwidth of our electrical 
amplifier as well as the dispersion effect of the metamaterial 
plate, we choose a 2-Gbaud/s signal. We use an arbitrary 
waveform generator, Tektronix AWG 7102, to generate one 
pair of I and Q waveforms, resulting in a 2-Gbaud/s 16-QAM 
data stream. The 16-QAM is first amplified by an amplifier and 
then split into two outputs of equal power, each of which is 
connected to one OAM channel. We use cables of different 
lengths to de-correlate the signals of the two OAM channels. 
On the other end, for detection, we use a 80 Gsample/s real-
time scope (Agilent DSA-X 93204A) to capture the millimeter-
wave waveform received by the antenna. Finally, the recorded 
signal (2 × 106 bits of 2-GBaud 16-QAM signal) is processed 
offline to recover the signal and measure the BER.  

Figure 10 shows the measured crosstalk dependence on 
frequency over 25–31 GHz. In order to estimate the crosstalk 
of the OAM l = +1 channel, we turn off the OAM l = +1 
channel while leaving the OAM l = +3 channel on. We use 
metamaterials with phase mask exp(-iφ) to demultiplex the 
OAM mode and measure the received power by an RF 
spectrum analyzer. For the OAM l = +3 channel, we use 
metamaterials with phase mask exp(-i3φ) to demultiplex and 
repeat the measurement. As shown in Figure 10, crosstalk 
< -20 dB over a bandwidth of 4 GHz (26–30 GHz) and 
< -15 dB over a bandwidth of 6 GHz (25–31 GHz) for both 
OAM channels are achieved. The crosstalk dependence on 
frequency can be explained by the diffraction effect of our 
proposed metamaterials. We tilt metamaterials PCB1 and 
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PCB2 at an angle of 23.6 degrees according to the diffraction 
effect of the 28 GHz input, and point the combined OAM 
channels to the center of the PCB3. The change in frequency 
will introduce a displacement of the combined OAM channels 
and hence increase the crosstalk [8]. Low levels of crosstalk 
over a bandwidth of 4–6 GHz are achieved for a 1 m link. 

 

Figure 10 The measured crosstalk (CT) dependence on frequency. 

We further measure the BER of the two OAM channels. 
Each channel carries a 2 Gbaud/s 16-QAM signal. We measure 
the BER when both OAM channels l = +1 and l = +3 are 
turned on. In this case, OAM modes will experience crosstalk 
from each other. Owing to the low levels of crosstalk from 
each channel, the BERs for both channels can reach levels 
lower than 3.8 × 10-3 when SNR > 12 dB, as shown in Figure 
11. The raw BER of 3.8 × 10-3 is a level that allows the 
achievement of a very low package error rate, using 
appropriate forward error correction. We also show the 
constellations for OAM channels l = +1 and l = +3 when the 
SNR is close to 18 dB. These results collectively demonstrate 
that the metamaterials-based wireless communication link has 
a favorable BER performance. 

 

Figure 11 BER measurements of 2 Gbaud/s 16-QAM signal for 
channels ℓ = +1 and ℓ = +3. 

IV. SUMMARY 

We experimentally demonstrated OAM multiplexing of a 
2-mode, 16-Gbit/s millimeter-wave wireless communication 
link using thin metamaterials-based OAM generators. Each 
channel carries a 2-Gbaud 16-QAM signal at a carrier 

frequency of 28 GHz. The proposed metamaterials adopt 
rectangular apertures with spatial variant orientations in the 
substrate, which can achieve transformations between Gaussian 
beams and OAM beams. The metamaterials plates are 
manufactured by commercial PCB technology and have a 
thickness of only 1.56 mm. The proposed approach can 
generate OAM beams with a favorable quality at a bandwidth 
of 6 GHz. When comparing to spiral phase plates, we note that 
the metamaterial is best suited for compact setups and 
transmissions of short distances: the conversion efficiency is 
lower, and the different frequencies show different diffraction 
spread, which could become problematic at longer distances. 
On the other hand, the metamaterial plates are much more 
compact, which can be of great importance in practical setups. 
Summarizing, our experimental results show the possibility of 
building a completely metamaterials-based OAM millimeter-
wave communication link with a favorable BER performance. 
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