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Abstract—We present a short-range experimental orbital-

angular-momentum (OAM) multiplexing millimeter-wave 

communication system using patch antenna arrays. The 

dependence of the evolution of OAM beams on the number of 

array elements and array radius are analyzed. We also find 

phase delay deviation of 30 degrees leads to mode purity 

degrading to ~1% and power deviation of 6 dB reduces the 

purity by <40%. An obstruction of size <10mm has not much 

influence on the evolution of OAM beams generated from 

antenna arrays with r = 8mm, which enables the stacking of 

multiple antenna arrays. We also use these patch antenna arrays 

to demonstrate a 60 GHz wireless communication link using two 

multiplexed OAM modes, each carrying a 500-Mbaud 16-QAM 

or 2-Gbaud QPSK signal. A channel crosstalk of less than -20 dB 

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

Keywords—Antenna design; orbital angular momentum; 

millimeter wave; spatial-division multiplexing 

I. INTRODUCTION  

There is a growing interest in increasing the transmission 
capacity in free-space point-to-point millimeter-wave 
communication links.  One method is to simultaneously 
transmit multiple data-carrying beams through the same 
medium using a single transmitter/receiver aperture pair. If 
each beam is transmitted on a unique orthogonal mode, then 
these beams can be spatially overlapping and be efficiently 
multiplexed and transmitted with little inherent crosstalk. This 
type of space-division-multiplexing is called mode-division-
multiplexing. 

One example of a modal basis set that can be used for 
mode multiplexing is orbital angular momentum (OAM), 
which has been demonstrated to improve spectral efficiency 
and capacity of optical [1-3] and 1-28 GHz RF (microwave 
and millimeter waves) [6-11] communications when 
propagating multiple OAM beams over the same medium. As 
opposed to plane waves which have constant phase fronts, 
OAM beams have helical phase fronts with 2πl phase shifts, 
where l is the OAM order, which can be any positive or 
negative integer [4,5]. OAM beams with different orders are 

orthogonal to each other; therefore, they can propagate along 
the same axis in a medium without interaction with each other, 
enabling efficient (de)multiplexing at the transmitter and 
receiver.  

Due to available spectrum, there is currently much 
discussion about utilizing the millimeter E band of the 
electromagnetic spectrum from 60 to 90 GHz, and the 
exploration of using OAM multiplexing in this band may 
bring benefit. 

Several methods have been demonstrated for OAM beam 
generation in the mm-wave domain by passing the beam 
through: (i) a fairly bulky spiral phase plate made of high 
density polyethylene (HDPE) [9], and (ii) a specially designed 
metamaterial surface [11]. However, these approaches do not 
readily lend themselves to enabling the co-axial generation of 
more than one mode. An alternate approach is to use a 
concentrically stacked set of patch antenna arrays to directly 
generate multiple co-axially propagating OAM beams 
[10,13,14]. Each array is generally composed of m array 
elements placed in a circle, and different arrays can be placed 
in successively smaller concentric circles. Each antenna array 
element is fed with the same amount of power, but has a 2πl/m 
phase shift when compared with the neighboring array 
element. The patch antenna approach is attractive because it is 
compact, is readily manufactured by printed circuit board 
(PCB) technology, and enables stacking to generate multiple 
OAM modes. 

There have been both simulations and experimental 
demonstrations of OAM generation based on patch antenna 
arrays in the mm-wave in the 2 to 10 GHz range [14-18]. For 
example, an 8.3 GHz wireless communication link using two 
multiplexed OAM modes based on two stacked patch antenna 
arrays, with each data channel carrying a 375 Mbps on-off-
keying (OOK) signal has been demonstrated [14]. However, 
there remain several key issues concerning the understanding 
and operation of such a patch antenna approach using OAM, 
including: (i) the evolution of the generated OAM beams off 
the PCB board, (ii) dependence on the number of array 



 

 

elements and array radius, (iii) non-ideal power and phase 
delay to the different array elements (iv) influence of a co-
axial obstruction from another array, and (v) performance 
when transmitting higher rate data that is phase-shift-keying 
(PSK) or quadrature amplitude modulation (QAM).  

In this paper, we experimentally evaluate patch antenna 
arrays for OAM generation at 60 GHz. We design a 
10 × 10 mm2 (or 22 × 22 mm2) patch antenna array for the 
generation of OAM l = -1 (or l = +2) at 60 GHz. The 
generated OAM beam of a patch antenna array, with more 
array elements or smaller array radius, evolves to a ring shape 
more rapidly. We also find phase delay deviation of 30 
degrees leads to mode purity degrading to ~1% and power 
deviation of 6 dB reduces the purity by <40%. An obstruction 
with size of <10mm has not much influence on the evolution 
process of OAM beams generated from antenna arrays with r 
= 8mm, enabling the stacking of multiple antenna arrays. We 
then experimentally employ the designed antenna arrays to 
demonstrate a 4-Gbit/s (or 8-Gbit/s) mm-wave wireless 
communication link, using two multiplexed OAM modes, 
each carrying a 500-Mbaud 16-QAM or 2-Gbaud quadrature 
phase-shift keying (QPSK) signal. We stack two patch 
antenna arrays to multiplex two OAM beams (l = -1 and 
l = +2), each carrying an independent data stream. Both 
channels can reach BERs of less than 3.8 × 10-3. 

II. OAM MULTIPLEXING BASED ON PATCH ANTENNA ARRAYS 

 

Figure 1 (a) Concept of an mm-wave communication system 
through stacking multi-layer patch antenna arrays to multiplex 
multiple OAM modes; (b) top view of stacked patch antenna arrays, 
with each fed with an independent signal from advanced modulation 
formats (for example, 16-QAM); (c) comparison of the OAM l = +2 
evolution processes generated from patch antenna arrays with 4 (top) 
and 8 (bottom) array elements. 

Figure 1 shows the concept of an mm-wave 
communication system through the stacking of multi-layer 
patch antenna arrays to multiplexing multiple OAM modes. 
As shown in Figure 1(a) and 1(b), n layers of patch antenna 
arrays could be stacked as a “pyramid” shape, which can 
generate OAM l1, l2, l3, …, and ln, simultaneously. There are 
mi, i = 1, 2, 3, …, array elements uniformly placed in a circle 

with a radius of ri (the array radius). Each array element is fed 
with the same amount of power, while a 2πli/mi phase shift is 
compared with the neighboring array element. This introduces 
a helical phase front of 2πli to the generated beams. The size 
of the upper layer is smaller than that of the lower layer, in 
order to ensure that the majority of the power of the ring-
shape OAM beams, generated from the lower layer, is not 
blocked by the upper layer. Each OAM channel carries an 
independent data stream, and transmits coaxially in free space. 
At the receiver (Rx) side, we use spatial phase plates (SPP) to 
convert OAM beams back into Gaussian-like beams. Horn 
lens antennas could be used to receive the power of the 
demultiplexed signal. As shown in Figure 1(a), the intensity 
profile of OAM beams does not have a perfect ring shape at 
the very beginning. When the OAM beams propagate in free 
space, a ring shape will gradually form. As shown in Figure 
1(c), the OAM beams generated from patch antenna arrays 
with varying numbers of array elements have differing 
evolution processes, which will be discussed in detail in the 
following sections. 

A. Design of Patch Antenna Arrays to Generate OAM beams  

  Figure 2 presents the schematic structure and geometric 
parameters of the proposed patch antenna arrays for 
generating OAM l = ±1 and l = ±2. We choose RO4003 as the 
substrate material; its thickness is 0.203mm. The single 
antenna has a dimension of 1.689 × 1.265mm2 and a resonant 
frequency of 60 GHz. The size of the patch antenna array is 
10 × 10mm2 for generating OAM l = ±1 and 22 × 22mm2 for 
generating OAM l = ±2. All patch antenna arrays are printed 
on PCB boards with an equal size of 50 × 50mm2. For the 
antenna arrays to generate the OAM beams of l = ±1, four 
identical rectangular patch antennas are placed in a circle with 
r = 3.5mm, and for the antenna arrays to generate the OAM 
beams of l = ±2, eight identical rectangular patch antennas are 
placed in a circle with r = 8mm. A microstrip feeding network 
is designed to achieve a phase shift for each array element. 
The signal is fed into the main feeding line and, finally, 
equally split into four or eight paths. For generating OAM l = 
+1, the phase of the four array elements should be 0, 90, 180 
and 270 degrees in a clockwise direction, and for generating 
OAM l = +2, the phase of the 8 array elements should be 0, 
90, 180, 270, 360, 450, 540, 630 and 720 degrees in a 
clockwise direction. Figure 2(b) shows the manufactured 
antenna arrays to generate the OAM beams of l = ±1 and l = 
±2. The antenna arrays generating the OAM beam of l = -1 (or 
-2) can be obtained by taking the mirror image from the 
antenna arrays generating the OAM beam of l = +1 (or +2). 

 



 

 

Figure 2 Structures of the patch antenna arrays to generate OAM 
beams of l = ±1 and l = ±2. 

B. Performance of the Ideal Patch Antenna Array 

In the ideal case, we assume that there is no coupling 
effect among different array elements and each array element 
is fed with the same amount of power as well as the desired 
phase shift. We first use the finite element method (FEM) to 
simulate the spatial evolution of an OAM l = +2 mode as we 
increase the number of array elements from 4 to 12. We focus 
on one-layer patch antenna arrays with array radius of 8mm. 
Figure 3 shows the intensity and phase profiles of the 
generated OAM beams at a distance from 5mm to 50mm. 
When comparing the intensity and phase profiles at different 
distances, namely, the evolution processes, we can clearly see 
that the phase and intensity profiles of OAM beams change 
dramatically at a short distance, while they become relatively 
stable at a longer distance. This shows that the phase of OAM 
beams tends to evolve to be a helical phase front faster, and 
the intensity tends to evolve into a ring shape faster, when 
increasing the number of array elements. Besides, when 
increasing the number of array elements from 4 to 16, we also 
find that both the continuity of the phase profiles, and the 
quality of the ring-shape intensity profiles, become better at 
the same distance. This shows that the quality of the generated 
OAM beams seems to become higher as the number of array 
elements increases.  

   

Figure 3 Simulated electrical fields of OAM l = +2 at a distance of 
5mm to 60mm for (a) 4, (b) 8 and (c) 12 array elements. 

We then quantitatively explore the influence of the number 
of array elements and array radius on the evolution processes 
of OAM beams, through analysis of the OAM mode purities. 
Figure 4(a) shows the dependence of the mode purities on the 
transmission distance for different numbers of array elements, 
and the same array radius of 8mm. Instead of calculating 
mode purities of the entire electrical fields, we focus on the 
electrical fields in two 2.5mm-wide annuluses with the highest 
power. We can clearly see that the mode purities are improved 
when we increase the number of the array elements. For 
example, at a distance of 60mm from the antenna arrays, the 
mode purity increases from 48.1% to 96.5% as the number of 
array elements increases from 4 to 12. We can also see that the 

mode purity tends to reach the maximum value faster when 
increasing the number of the array elements. For example, for 
12 array elements, the mode purity changes from 84.5% to 
96.5% at a distance of 5mm to 60mm, while for 6 array 
elements, it changes from 31.3% to 82.2% in the same range 
of distance. This shows that OAM beams evolve faster as the 
number of array elements increases. Figure 4(b) shows the 
relationship between the array radius and the evolution 
processes of OAM beams. We focus on an antenna array with 
8 elements, to generate OAM l = +2. The mode purities tend 
to decrease when we increase the array radius r from 6mm to 
22mm. For example, at a distance of 10mm from the antenna 
arrays, the mode purity decreases from 84.6% to 18.8% as the 
array radius increases from 6mm to 22 mm. 

 

Figure 4 Dependence of the mode purities on the transmission 
distance when (a) increasing the number of array elements from 4 to 
12, and (b) increasing the array radius from 6mm to 22mm. 

C. Performance of the Non-Ideal Patch Antenna Array 

In the non-ideal or practical case, we have to consider non-
ideal power and phase delay to the different array elements 
and the coupling effect among different array elements. We 
should also consider the influence of a co-axial obstruction 
from another array if we stack multi-layer arrays together. 

We first study the influence of the non-ideal power and 
phase delay to the different array elements, neglecting the 
coupling effect among different array elements.  We use an 
antenna array with 8 array elements and array radius of 8mm 
to generate OAM l = +1, +2 and +3, respectively. Figure 5(a) 
shows the mode purity when all array elements has the same 
amount of power while the adjacent array elements has a 
phase shift with deviation (i.e., the phase delay error) of -45 to 
+45 degrees to the desire the phase shift.  The deviation of the 
phase shift may reduce the OAM mode purity. When the 
deviation reaches +30 or -30 degrees, we can get the desire 
OAM mode with purity of ~1%. Figure 5(c) shows the mode 
purity when all array elements has the desire phase shift while 
the power deviation between adjacent array elements changes 
from -10 dB to +10 dB. When the deviation reaches +6 dB, 
the purity penalty can be around 20%, 25% and 40% for OAM 
l = +1, +2 and +3, respectively. 

 



 

 

Figure 5 The influence of the non-ideal phase delay and power to the 
different array elements. 

We next study the evolution processes of the OAM beams 
generated by the designed patch antenna arrays, in simulation 
with the feeding network; thus, all the coupling effects, and 
radiation from all the elements (antenna, microstrip lines) are 
considered. Figure 6 shows the simulated results of the 
evolution processes of the OAM beams. OAM l = 0 is 
generated by a single patch antenna, and OAM l = +1 or l = 
+2 are generated by the designed patch antenna arrays. 
Simulation results show the intensity and phase profiles of 
OAM beams with l = 0, +1 and +2 at a distance of 1mm to 
50mm. As shown in Figure 6(b) and 6(c), we can see that the 
continuity of the phase profiles and the quality of the ring-
shape intensity profiles are not as good as those of the 
electrical fields as shown in Figure 3. It might be caused by 
the coupling effects among different array elements, as well as 
the coupling effects between the microstrip feeding lines and 
array elements. Additionally, the radiation pattern from the 
microstrip feeding lines will also introduce distortions to 
OAM beams.  

 

Figure 6 Simulated intensity and phase of OAM beams generated by 
the manufactured patch antenna arrays at different distances. 

We then consider the influence of a co-axial obstruction on 
the evolution process. We use another rectangular PCB board, 
of which both sides are copper layers, as the obstruction. We 
put it 5mm away from a patch antenna array with 8 array 
elements and array radius of 8mm. Figure 7 shows the 
intensity and phase profiles of OAM l = +2 at distance 10mm, 
30mm and 50mm, when we change the size of the PCB board 
from 0mm to 15mm. When the obstruction size is 5mm, we 
cannot observe much influence on the electrical fields. When 
the obstruction size is 15mm, we can clear see the decrease of 
the intensity and deviation of phase profiles. 

We use a 2D stage to measure the intensity of OAM beams 
with l = 0, +1 and +2, at distances of 5cm, 12.5cm and 25cm 
from the manufactured antenna arrays. The intensity profiles 
of the generated OAM beams are shown in Figure 8. The 
resolution of these profiles is not high enough because the 

resolution of our 2D stage is only ~5mm. We stack 2 antenna 
arrays together. The fringing intensity distribution of the 
OAM l = 0 may result from the interference effect of the 
reflected beams [19]. We can see the intensity profiles in 
Figures 8(b) and 8(c), which resemble the intensity profiles of 
the simulated OAM beams in Figure 6. The evolution 
processes also show that OAM l = +1 diffracts faster than 
OAM l = +2. The beam size of the main lobe for OAM l = +1 
is around 10cm, 30cm and 60cm at distances of 5cm, 12.5cm 
and 25cm, respectively, while the size of the main lobe for 
OAM l = +2 is around 5cm, 10cm and 20cm at distances of 
5cm, 12.5cm and 25cm, respectively. 

 

Figure 7 Influence of a co-axial obstruction with size of (a) 0mm, (b) 
5mm, (c) 10mm and (d) 15mm on the evolution process. 

 

Figure 8 Measured intensity of generated beams at distances of (a) 
(d) (h) 5cm, (b) (e) (i) 12.5cm and (c) (f) (j) 25cm 

We also measure the mode power spectra of the generated 
OAM beams with l = -1 and l = +2, as shown in Figure 9. To 
estimate mode purity of the generated OAM beams with l = -1 
(or l = +2), we use a set of spiral phase plates [8] with 2πl (l = 
-7, -6, …, +7 and 8) phase front to demultiplex the 
corresponding  OAM beams into Gaussian-like beams. We 
then use a linear-polarization horn lens antenna with a 
diameter of 15cm to receive the power of each OAM mode 
component. For OAM beams with l = -1 and l = +2, the 
crosstalk from neighboring OAM orders can be around 7 dB. 



 

 

This shows that the mode purities are 68.8% and 69.5% for 
OAM beams with l = -1 and l = +2, respectively.  

 

Figure 9 The generated OAM mode power spectra of (a) l = -1 and 
(b) l = +2 using patch antenna arrays.  

III. DEMONSTRATION OF 60 GHZ WIRELESS COMMUNICATION 

LINK USING MULTIPLEXING OF TWO ORBITAL ANGULAR 

MOMENTUM MODES 

A. Experiment Setup 

We build a free space communication link using the 
manufactured patch antenna arrays. Figure 10 shows a 
diagram demonstrating the multiplexing and demultiplexing 
of two OAM beams. Figure 11 shows the photos of our 
experiment setup. For generation, a 28 GHz continuous-wave 
signal is used at the transmitter (Tx). We use an arbitrary 
waveform generator to generate one pair of the in-phase 
component (I) and quadrature component (Q) of waveforms, 
resulting in a 60 GHz 2-Gbaud QPSK or 500-Mbaud 16-QAM 
data stream. The data stream is first equally split into two 
paths after amplification, with one of them delayed by cable 
for the signal de-correlation. The two data streams are then fed 
into two patch antenna arrays, which are stacked with respect 
to each other for multiplexing. We choose OAM beams with 
l = -1 and l = +2, because the crosstalk between the two modes 
can be < -20 dB. The separation between the two layers is 
~5mm. The propagation distance from the antenna arrays to 
the demultiplexing SPP is 15cm. 

At the Rx side, we use an SPP to convert the desired OAM 
beams into Gaussian-like beams, while the other OAM modes 
will retain their ring shape, allowing each OAM mode to be 
demultiplexed independently. A HDPE lens with a diameter of 
30cm and a focus length of 30cm is used to focus the 
demultiplexed beam, before being collected by a linear-
polarization horn lens antenna with a diameter of 15cm. After 
amplification by a low noise amplifier (LNA), the carrier 
frequency is down-converted from 60 GHz to 10 GHz. 
Finally, we use an 80 Gsample/s real-time scope to record the 
down-converted signal. The recorded signals are then 
processed offline for signal recovery and BER measurement. 

 

Figure 10 Diagram of OAM (de)multiplexing using two modes. We 
stack two patch antenna arrays to multiplex two OAM channels. 

 

Figure 11 Photos of the experiment setup for (a) front view, (b) top 
view of multiplexing and (c) demultiplexing two OAM modes, 
respectively. 

B. Crosstalk and BER Measurements for Two OAM Channels 

Table 1 shows the received power matrix of an 8-Gbit/s 
link when only turning on Tx l = -1 or l = +2 (2-Gbaud QPSK 
signal on each channel). Crosstalk levels of less than -20 dB 
between channels are achieved. We then measure the BERs of 
the channels in different scenarios. Owing to the low levels of 
crosstalk from each channel, the BERs for both channels, 
when both Tx l = -1 and l = +2 are on, are close to those when 
only Tx l = -1 or l = +2 is on, as shown in Figure 12. A BER 
of <3.8 × 10-3 can be achieved for both channels when signal-
to-noise ratio (SNR) is larger than 9 dB, which allows for the 
achievement of very low package error rates, when using 
appropriate forward error correction (FEC) [20]. We can see 
that there is a ~3 dB BER penalty, compared to a back-to-back 
(B2B) case, where only a single OAM l = 0 channel is 
transmitted, using horn lens antennas at both the Tx and Rx.  

 

Table 1 The measured power matrix of each OAM channel of Rx 

l = -1 and l = +2 when only transmitting channel l = -1 or l = +2. 

 

Figure 12 BER measurement of 2-Gbaud QPSK signal of 
channels l = -1 and l = +2. 

We further measure the crosstalk and BERs of the two 
OAM channels, with each channel carrying a 500-Mbaud 16-

OAM l = -1 OAM l = +2 



 

 

QAM signal to achieve a 4-Gbit/s link. We also measure the 
received power matrix of the system when only turning on Tx 

l = -1 or l = +2. Crosstalk of < -20 dB between channels can 
also be achieved. We choose a 500-Mbaud 16-QAM signal 
because we find that the quality of the signal becomes worse 
when using a 16-QAM signal with a higher baud rate, which 
might be caused by the bandwidth of the manufactured patch 
antenna arrays. As shown in Figure 13, both channels can 
reach a BER of lower than 3.8 × 10-3 when SNR > 20 dB. We 
can see an error floor for both OAM channels when SNR > 23 
dB. We conjecture that the observed error floor might be 
caused by the performance of the patch antenna arrays, such 
as bandwidth. 

 

Table 2 The measured power matrix of each OAM channel of Rx 

l = -1 and l = +2 when only transmitting channel l = -1 or l = +2. 

 

Figure 13 BER measurement of a 500-Mbaud 16-QAM signal of 

channels l = -1 and l = +2. 

IV. SUMMARY  

We experimentally demonstrate OAM multiplexing of a 2-
mode, 8-Gbit/s and 4-Gbit/s mm-wave wireless 
communication link, using patch antenna arrays to generate 
OAM beams. Each channel carries a 2-Gbaud QPSK or 500-
Mbaud 16-QAM signal at a carrier frequency of 60 GHz. The 
patch antenna arrays can be manufactured by commercial PCB 
technology, and have a size of 50 × 50mm2. The evolution 
processes of the generated OAM beams are analyzed. In 
addition, it could also be interesting to explore the possibility 
of multiplexing more OAM beams by stacking more patch 
antenna arrays to both generate and recover OAM channels, 
which might enable a higher data speed, as well as better BER 
performance. Our work might be beneficial for building an 
OAM mm-wave communication link with a favorable BER 
performance, based on stacked patch antenna arrays. 
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