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Abstract — We describe transmission of 4-Gbps
uncompressed video utilizing a 60-GHz wireless channel with
orbital angular momentum (OAM). The laboratory
experiments were supported by Matlab simulation; this being
utilized to generate holographic masks. Matlab code was
further employed to control a printed circuit board (PCB)
router drill. Any required shape on, for instance, copper or
dielectric plates could be produces. An experimental setup
was arranged to validate the transmission performance of 4-
Gbps uncompressed video over 60-GHz OAM wireless
channel we believe, for the first time. Good agreement was
achieved between simulated and measured results. It is
concluded that it is practically feasible to send multi-gigabit
wireless data over an OAM channel.

Keywords — Antenna arrays, channel capacity, millimeter
wave propagation, orbital angular momentum, wireless
communication.

1. INTRODUCTION

HE 60-GHz wireless frequency band includes 7 GHz

of unlicensed bandwidth [1-3]. This is useful for
multi-gigabit data rate applications in wireless
communications such as high definition video content and
large data files. The uses of wireless communication
devices in consumer electronics are expanding fast. In
particular, multi-gigabit video and data file transfers
require a fast and effective wireless communication
method [4]. Thus, very good opportunities are available
since the release of the 60-GHz band. Attenuation due to
oxygen absorption at 60-GHz is approximately 1.5 dB per
100 m [2, 5, 6] which can be beneficial for operating
multiple wireless communication links in the same
environment as a high degree of spectrum reuse is
available.

From Maxwell’s theory, both energy and momentum
are carried by electromagnetic radiation. The momentum
is comprised of linear and angular contributions. With
angular momentum, polarization is associated with spin
part and spatial distribution is associated with the orbital
part. In this research, two distinct methods of creating
orbital angular momentum (OAM) in the radio domain are
examined by simulation and experimental procedures.
Many authors e.g. [7-14] have investigated the OAM
states of optical and wireless signals. However, to our
knowledge, a 60-GHz OAM channel has not been utilized
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to transmit 4-Gbps uncompressed video. In order to
demonstrate the practicality of the technique, an OFDM
60-GHz millimeter wavelength reference system
produced by Silicon Image [15] was utilized. Simulation
models were compared to the measured results by placing
a spiral phase plate (SPP) or holographic plate (HP)
directly in front of the transmitter antenna for phase or
amplitude OAM, respectively. Experimental techniques to
monitor OAM system involved investigating the received
signal power and the number of good data packet received
per second.

The layout of this paper is in the following order:
section Il describes the simulation process and results;
section III explains the practical measurements of the
proposed system, while the simulated and measured
experimental results are illustrated in section I'V. Finally, a
conclusion to the paper is drawn in section V.

II. SIMULATIONS

Matlab simulation software was exploited for modeling
the generation of an OAM state in the 60-GHz wireless
channel environment. Prior to performing any simulations,
the characteristic of the 60-GHz radiation pattern was
measured to be approximately Gaussian and this latter
profile was used in the simulations. The OAM states were
generated operating both HP and SPP (Fig. 1). During all
the simulation processes, it was assumed that HP and SPP
were placed directly in front of the 60-GHz transmitter
antenna.

d
Fig. 1 OAM state simulation, (a) L=0 (no OAM), (b)
L=1, (c) L=2, (d) L=3.

A. HP

A fork-grating dislocation in a HP (Fig. 2a-c) is the
main feature of holographic masks, which creates an OAM
state from the plane input wave. The number of phase
twists produced around the vortex, in addition to the shape
and behavior of fork-grating, are controlled by the
topological charge (L) [16]. A holographic interference
pattern is the product of the phase-only interference of an
indirect plane reference wave which generates a radio
vortex beam using the following formula [17, 18]:

I(x,y) = %{1 + cos [L. arctan (y) —2mKx + ¢D0]} (1
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where, (x,y) are the transverse cylindrical coordinates, L
is the topological charge of the radio vortex to be created,
@, is an arbitrary phase factor and K is the number of
grating lines per unit length.

Simulation of HP masks was applied in a horizontally
separated pattern (Fig. 2a-c) with a central dislocation,
corresponding to the L value of each mask, as a phase
grating which generated OAM state. The outcome of
passing the input 60-GHz signal through the disturbance
section in the middle of the horizontally (or vertically)
separated HP mask is a diffraction-limited beam thus,
creating OAM state in the far-field region. Two circular
rotating diffraction beam patterns were predicted for the
OAM state of input beam, these should appear on both
adjacent sides of the middle Gaussian beam for a
horizontally separated HP (Fig. 2d-f). Each rotating ring-
shaped beam represents the L value of the HP thus, two
OAM beam appear, one with positive (e.g. L= +1) having
an anti-clockwise rotation and one with negative (e.g. L= -
1) value with clockwise rotation on the right and left side
of central beam signal, respectively.

The HP behavior was analyzed by simulating and
plotting the intensity distribution of the far field diffraction
pattern of horizontally separated configuration for L of 1,
3, and 5 (Fig. 9a-c).

W0 w0 a0 S0 S0 S0 50 0 450 500 550 600 450 500 550 600
X X

d e f
Fig. 2 Horizontally separated HP simulations for L= 1,
3, and 5; (a-c) holographic mask, (d-f) corresponding far-
field diffraction pattern.
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B. Superimposed HP

A method of increasing the total number of OAM states
from one HP mask is to superimpose two HP masks with,
for example, horizontally (L=1) and vertically (L=3)
separated format in order to generate a complex HP
configuration mask (Fig. 3a). The simulation result for far-
field diffraction pattern of mentioned superimposed HP
revealed that a total number of 8 OAM states were created
in comparison with only two using either of HP masks
alone (Fig. 3b-c). Therefore, increasing the complexity of
HP masks will generate extra OAM states. The intensity
distributions of superimposed far-field diffraction pattern,
in Fig. 4, illustrate that the intensity of OAM signal has
reduced when compared to using only one HP mask. As a
result of the more complex HP pattern, variation in
amplitude has further attenuated the signal strength.
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Fig. 3 (a) HP superimposed mask for L=3 vertically
separated and L=1 horizontally separated, (b)
corresponding far-field diffraction pattern of ‘a’, (c) far-
field diffraction with OAM representation.
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Fig. 4 Superimposed HP intensity distribution for, (a)

lower section, (b) middle section, (c) upper section.

C. SPP

Phase alteration of an incoming radio signal is another
method for generating OAM state using SPP around 2w
phase shift. An infinite number of OAM states are possible
theoretically [8, 10, 19], hence the input radio signal
power will not be reduced as much as in the HP technique.
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Fig. 5 Spiral phase plate simulations for L=3, 4, and 6;
(a-c) phase mask simulation, (d-f) corresponding far-field
diffraction pattern.

The SPP step height has a direct and linear relationship
with the L value (Fig. 8b) and can be calculated with the

following formula [20, 21]:
_ Anh

= @
where, An is the difference of refractive index between the
SPP and its surrounding (which is usually air), h is the
step height of SPP and A is the wavelength of the incident
radio beam, which is 5 mm at 60-GHz. The SPP
transmittance is calculated with the following formula [22-
26]:

fi(x,y) = exp [iLo(x,y)] 3)
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where, (x,y) are the transverse cylindrical coordinates, L
is the topological charge for the phase singularity and ¢ is
the phase of the signal.

The attribute of SPP was examined when a plane
Gaussian beam was transmitted through the SPP and an
OAM signal detected from the diffracted signal. The
simulation of the SPP for L values of 3, 4, and 6 included
darker and lighter portions corresponding to - radian and
+n radian, respectively (Fig. S5a-c). Similar to the HP
method, OAM signal state were simulated as a diffracted
rotating ring-shaped beam in the far-field zone (Fig. 5d-f).
The diffraction pattern of OAM signal was investigated in
intensity distribution format across the horizontal scan
(Fig. 9d-1).

III. MEASUREMENTS

An OFDM wireless 60-GHz mm-wave reference system
(Fig. 6) was utilized to validate the feasibility of OAM
radio by transferring a 4-Gbps uncompressed video
content. Both the transmitter and receiver antenna are set,
by a GUI control interface, to ‘lock straight beam’ which
is useful to concentrate the 60-GHz signal beam. In
addition, a brass plate with Smm gap in the middle was
utilized to localize the transmitted signal before it was
radiated onto HP or SPP surface. The wavelength at 60-
GHz frequency has a direct link with the size of the gap on
the brass plate.
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Fig. 6 A 4-Gbps uncompressed wireless OAM
experimental setup

HP

As shown in Fig. 7, in order to manufacture the realistic
model of HP masks with different L value, the simulation
output of Matlab was employed to control a printed circuit
board (PCB) router to drill copper plates with required
shapes. A realistic prototype of SPP (Fig. 8a) with
adjustable step height was manufactured using

Polytetrafluoroethylene (PTFE), well known as Teflon.
Additionally, the step height was changed to choose
different L value.
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Fig. 7 HP realistic model, (a) L=1, (b) L=3, (c) L=5
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Fig. 8 (a) SPP practical model; (b) Characteristic of SPP
as step height is raised
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Fig. 9 Measured and simulated intensity distribution of
far-field diffraction pattern when utilizing (a-c) HP with
L=1, 3, and 5; (d-f) SPP with L=3, 4, and 6.

IV. RESULTS AND DISCUSSION

A. Amplitude OAM

The measured intensity distribution results representing
the OAM far-field diffraction pattern while utilizing
various HP masks is demonstrated in Fig. 9a-c. The signal
strength was measured across a horizontal scan for a range
of topological charges (L= 1, 3, and 5).

It can be seen from the intensity distribution graph that
the Gaussian beam with no OAM state (e.g. L=0) is
represented by the middle peak amplitude and OAM states
(e.g. L= +1 or L= -1) of the 60-GHz radio beam is
signified by other two peak amplitude on either side of the
Gaussian beam.
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B. Phase OAM

In SPP method, various step height settings were
utilized to measure the intensity distribution of the OAM
far-field diffraction pattern as it is illustrated in Fig. 9d-f.
A range of topological charges (L= 3, 4, and 6) were used
to measure the signal strength across a horizontal scan.
The existence of OAM in radio domain is observable from
the reduced received power strength in the middle of two
spikes in the diffraction pattern of signal intensity across a
horizontal scan. In addition, the number of good packets
per second using SPP method was measured and plotted
across the distance of horizontal scan (Fig. 10). The
influence of OAM mode is clearly visible on 4-Gbps

uncompressed video transmission.
25000

2 P e
o L\ [\
: Zono 1\ [\
£2 \ / \
23 s000
) 0 v L J/ . \\

369.0 374.0 379.0, 384.0 389.0 394.0
distance, mm

Fig. 10 Measured number of good packets with SPP in
use

V. CONCLUSION

We have described a method of generating OAM state
in mm-wave signals by creating HP masks. Matlab
simulation was utilized to produce HP masks on a PCB.
We believe the experimental measurement demonstrated is
the first illustration of 4-Gbps uncompressed video
transmission over a 60-GHz OAM wireless channel. It is
evident that simulations and experiments are in good
agreement. The advantage of utilizing the 60-GHz domain
is the narrow beam-width feature, which facilitates OAM
generation and spatial multiplexing of separate data.
Moreover, the 60-GHz region provides high degree of
spectrum reuse for multiple wireless links. Future
opportunities for further increase in wireless channel
capacity, spatial multiplexing based on OAM and
holographic beam-forming are offered as the use of 60-
GHz technology becomes more wide spread with the
advent of IEEE802.11ad-based modules.
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