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Abstract—Radio-frequency sensing and communication which are found to be mathematically orthogonal. Mode n

systems which use a waveform for more than one function offer
the promise of improved spectral efficiency and streamlined
hardware requirements. Control of orbital angular momentum
(OAM) may be used to increase data-rates and improve radar
sensitivity to certain chiral targets. This paper presents finite-
difference time-domain simulations which model a gigahertz-
frequency OAM radar capable of transmitting information via
OAM-mode modulation. The unique chirality-detection capability
of OAM radar is demonstrated, as well as simple information
transmission. Simulation scope and radar specifications are
designed with an eye toward developing a dual function ground
penetrating radar (GPR) with OAM mode control.
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I. INTRODUCTION

Spectral efficiency has become a major concern for the
design of next-generation radio frequency (RF) systems. At the
same time, computational power and hardware capabilities have
increased, opening the door for systems which can perform
multiple functions with the same waveform. Possible
applications include a vehicle-to-vehicle communication system
that can also warn of impending collisions [1], or a ground
penetrating radar (GPR) system[2][3] that can self-localize via a
communication timing network. This type of dual function
waveform could also save money by eliminating the redundant
hardware that is present when employing multiple single-
function systems.

Control of orbital angular momentum (OAM) is an
innovative technique which facilitates use of an added degree of
freedom to improve waveform capabilities. Unlike spin angular
momentum (SAM) which corresponds to electromagnetic
polarization, OAM 1is dependent on a field’s spatial phase
distribution[4]. For this reason, waveforms with nonzero OAM
are said to be spatially structured. This structure takes the form
of a helix, with an optical vortex at the center of the intensity
profile [5]. There are different integer-number OAM modes
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corresponds to an n-helix, and the sign of the mode indicates
helix direction, defined as positive (left-handed), or negative
(right-handed). Note that OAM is distinct from circular
polarization: waveforms with nonzero OAM are not plane
waves.

OAM is of significant interest in the development of new RF
systems due to its property of modal orthogonality. It may be
possible to multiplex information on different OAM modes,
thereby increasing data-rates or improving spectral efficiency
[6]. OAM also shows promise as a novel waveform for certain
radar applications. Just as antenna configurations [7] and
polarization can be manipulated to improve signal returns for
hard-to-detect targets, OAM may be useful for its ability to
detect chirality and improve the detection of targets with chiral
properties [8]. A chiral object is asymmetric such that it is not
superimposable with its mirror image, for example, a left or
right-handed spiral staircase. Applications include the detection
of propellers [9], including the props used by quadcopter UAVs.
OAM can also be used to measure the rotational doppler shift of
a target [10].

This paper presents a scheme for unifying these concepts
with a dual function OAM waveform. The resultant sensing and
communication system exploits the unique scattering properties
of microwaves with nonzero OAM. The scheme is evaluated
using a series of finite-difference time-domain simulations
conducted with the program gprMax [11]. A goal of this inquiry
is to adapt these findings for GPR wusage. Intersecting
underground utility pipes can have chiral spatial properties. It is
of interest if compared to a traditional plane wave GPR pulse,
OAM GPR may provide advantages for identifying buried
targets in congested or overlapping configurations. Because of
this, the dimensions and frequencies in this paper are chosen for
compatibility with GPR applications. Over long distances, an
OAM beam may undergo a significant amount of divergence
[12], which necessitates a very large receiver array to measure
the complete OAM field. An upshot of designing for a GPR
application is that over short distances on the order of one to ten
meters a microwave OAM beam undergoes only a small amount
of divergence, eliminating the need for an oversized receiver
array.
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Uniform Circular Array: OAM -1 Phase Delays
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Fig. 1 Phase delays to generate an OAM -1 (right-handed) waveform with
a uniform circular antenna array. Coordinate distances are shown in
meters, antenna locations are indicated by red dots. In this view the
waveform is propagating out of the page, directly toward the reader.

II. METHODOLOGY

A. System Overview

The system overview is as follows. An encoder maps
different binary bits to different OAM modes via the OAM shift
keying (OAM-SK) method. A uniform circular array (UCA)
transceiver broadcasts microwaves pulses encoded with this
information to a UCA receiver, where the message is decoded.
If this transmission is interrupted by a transient target, the signal
reflects back to the transceiver UCA, at which point
information about the target can be interpreted due to the unique
properties of OAM waveforms.

B. Generation of Microwaves with OAM

Microwaves with OAM can be produced by a UCA with
azimuthally dependent phase delays programmed for each sine-
wave emitter [13]. This sc heme, shown in Fig. 1, creates the
helix-shap ed spatially dependent phase distribution. Phase
delays are implemented by loading an appropriately phase-
shifted sine wave into each channel. For a UCA of N antennas,
the signal y for the n'" antenna in the array with phase delay ¢ =

27T/N is defined:

y(n) = A *sin(2uft + (n — 1) * @) (1)

where A4 is amplitude, f'is frequency, and ¢ is the time vector
defined by a constant predefined time step. In the case of the
right-handed OAM -1 waveform in Fig. 1, the phase-delay angle
matches the azimuth angle exactly. Higher-order OAM modes
have more complex geometries—for example, in the case of an
OAM -2 waveform, 180-degrees of azimuth corresponds to 360-
degrees of phase delay.

The axis coordinates in Fig. 1 are based on the coordinate
system used in the following simulation experiments. The array
is designed with a 0.3-meter radius, which is equivalent to one-
wavelength of the 1-GHz sine waves utilized. 1-GHz signals are
within the frequency range typically utilized by GPR, and the
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Fig. 2 Geometry views for three OAM sensing and communication
simulations using the FDTD method. (a) An 8-element transmitter array
(dashed circle on left) broadcasts a binary signal to an 8-element receiver
array via the OAM-SK encoding method. (b) An 8-element transceiver
array (left) reflects an OAM-SK message off a planar target and recovers
chirality and range information about the target. (c) The same 8-element
transceiver array reflects an OAM-SK message off a stepped spiral target.

0.6-meter array is comparably sized to available pushcart GPR
systems [14].

C. FDTD Simulation in gprMax

The radar and communication system demonstrated in this
paper was simulated in the program gprMax using the finite-
difference time-domain (FDTD) technique, also called Yee's
method. Maxwell’s equations are discretized in space, allowing
calculation of the electric field for each point at progressing time
instants. Simulation geometries are shown in Fig. 2. Fig. 2(a)
shows an 8-element transmitter array that broadcasts to an 8-
element receiver array via the OAM-SK method [15], in which
information is encoded by the OAM mode number. In Fig. 2(b)
and Fig. 2(c) an 8-element transceiver array transmits an OAM-
SK message which reflects off a target. Although the presence
of the target may prevent the message from reaching a
freestanding receiver array, analysis of the reflected OAM-SK
signal (received by the transceiver array) enables target ranging
and detection of target chirality. The case of a planar target is
shown in Fig. 2(b) and a spiral target [16] is shown in Fig. 2(c).
In this manner, the simulations demonstrate independent
communication and radar functionality for the proposed OAM
system. One can imagine a real-world scenario in which an A to
B communication link is intersected by a passing target. This
causes a reflection back to the source at transceiver A, where
ranging and chirality information are extracted.
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Fig. 3 Two pulses with programmed OAM characteristics. For the sake of
illustration in this example, the pulse repetition interval 7 is 25
nanoseconds and the pulse width 7 is 8 nanoseconds. Practically, 7' may be
much larger, up to the order of 1 millisecond.

The simulation domain is 1.5-meters square by 4.75-meters
long, including a quarter-meter thick Perfectly Matched Layer
(PML) absorbing boundary condition on the inside of each face
(light green in Fig. 2). Targets are 3.5-meters from the
transceiver array and fill the entire cross-section of the domain
space. The time step is 7.7-picoseconds and each simulation is
59 nanoseconds in duration. Spatial resolution in the X, Y, and
Z directions is 4 millimeters. Antenna array elements have the
coordinates specified in Fig. 1.

D. Radar Pulses with OAM

The OAM-SK signal is encoded inside a radar pulse
structure as shown in Fig. 3. The pulse structure allows the radar
to perform timing for target ranging. Each pulse contains a user-
programmed number of 8-bit bytes. In this case, each pulse
contains a single byte, 01100111, which translates to the English
character “g”. Each pulse can be programmed to contain unique
information, as desired. The data rate is proportional to the
number of bytes in a pulse, as well as the pulse repetition
frequency. OAM modes are identified by time-gating the
received data and measuring the relative phases of the signals
received at each antenna in the receiver array.

III. RESULTS

A. A-to-B Transmission

Fig. 4(a) shows the results obtained using the A-to-B
transmission geometry shown in Fig. 2(a). For visual clarity, the
plot is cropped to highlight a single OAM pulse. A data link is
formed when signals are transmitted from the array on the left
side of the geometry of Fig. 2(a) and received by the array at the
right side of Fig. 2(a).

OAM-SK is used to encode the message “go” in 8-bit binary.
OAM mode 0 corresponds to a zero-bit, and OAM mode -1
corresponds to a 1-bit. By time-gating the received waveform
(vertical black lines in Fig. 4(a)), the mode-bits can be identified:
OAM mode 0 waveforms are in-phase, while OAM mode -1
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Fig. 4 Received data in OAM pulses for (a) A-to-B communication, (b)
signal reflection from planar target, and (c) signal reflection from chiral
target. OAM-SK encodes binary information where mode 0 is “0” and
mode -1 is “1”.
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waveforms are out-of-phase, per the phase delays defined in Fig.
1. (An OAM -1 waveform is received in the order Rx8, Rx7,
Rx6, Rx5, Rx4, Rx3, Rx2, Rx1.) In this way, binary code is
extracted from the OAM-SK signal: 0110011101101111.
Translating recovers the message: “go”. This demonstrates an
A-to-B data link using the OAM-SK method. The following
sections consider what happens when this link is interrupted by
a transient target.

B. Planar Target

In Fig. 2(b) the A-to-B link is interrupted by a planar target
perpendicular to the signal. As before, 8-bit data are encoded via
OAM-SK where OAM mode 0 corresponds to a zero-bit and
OAM mode -1 corresponds to a 1-bit. The signal is broadcast
from the array on the left side of the geometry view in Fig. 2(b).
It then reflects off the planar target (right side) back toward the
first array, where it is received and digitized.

Fig. 4(b) shows the reflected data received by the transceiver
array. In-phase (mode 0) and phased (mode -1) sections are
identified and binary bits are extracted: 01100111. Translating
recovers the single-character message: “g”. A chiral target
would alter the OAM modes used in the OAM-SK encoding,
and alter the message. Because the OAM modes are unmodified
compared to the transmitted signal (i.e., the signal received in
the A to B transmission simulation) and the message is
preserved, it is concluded that the target does not have chiral
properties, and is planar. This simulation demonstrates the
ability of an OAM-SK data link to provide radar functionality
and identify the chirality of a transient target.

C. Spiral Target

The simulation illustrated in Fig. 2(c) is identical to the test
in Fig. 2(b) and Fig. 4(b) except a spiral target is used in place
of the planar target. This change is made to demonstrate the
ability of the OAM-SK data link to discriminate and identify
objects with planar or chiral properties. The chiral target on the
right side of Fig. 2(c) is a spiral-wedge design composed of eight
triangular sections [6, 14]. From top-center, these sections have
progressively decreasing thickness when measured in the
clockwise direction. The total change in thickness is 15-cm,
equivalent to one-half wavelength of the 1-GHz signal used in
the experiment. Because different positions on the transceiver
azimuth have different round-trip path lengths from transceiver
to target back to the transceiver, this right-handed target has the
ability to “add” OAM to an incident signal. This means that an
incident plane wave (OAM 0) will be shifted to OAM +1 as it
reflects, and an incident OAM -1 waveform will be shifted to
OAM 0 as it reflects.

Fig. 4(c) shows the received signal after it reflects off the
spiral target. The first, fourth, and fifth time-gated sections
display a phased signal order Rx1, Rx2, Rx3, Rx4, Rx5, Rx6,
Rx7, Rx8, indicative of OAM +1. The remaining sections are in-
phase, indicating OAM 0. Compared to the planar reflector case
in Fig. 4(b), each time-gated bit in Fig. 4(c) has had its OAM
mode increased by one. This indicates that the reflective target
interrupting the OAM-SK data link has right-handed chiral
properties. Translating mode 0 to a 0-bit and mode 1 to a 1-bit,
the following binary code is recovered: 10011000. This is

opposite the known transmitted signal (01100111), further
indicating target chirality.

Of course, in addition to communication and target chirality
detection, the radar and communication OAM-SK link can also
provide target ranging by timing the OAM pulses. The X-axis
time stamps in Fig. 4(b) and Fig. 4(c) indicate a round-trip signal
path time of approximately 23.4 nanoseconds. At the speed of
light, this indicates the target is 3.5 meters from the transceiver
array, which is precisely the value specified in the simulation
geometry.

IV. DISCUSSION

This paper presents a successful simulation proof-of-concept
for a communication and radar system which exploits OAM for
both data transmission and sensing purposes. Binary
information is transmitted on an A-to-B data link via OAM-SK
modulation while OAM scattering provides information on the
chirality and range of transient objects that pass-through the link.
Crucially, because OAM modes are orthogonal and independent
of polarization, this scheme could be implemented as a single
layer of a more sophisticated multiplexed system.

The spiral target used in this study is engineered to precisely
increase by one the OAM mode of an incident signal. This
design decision was made to clearly illustrate the potential of
this radar-communication concept. Future work will need to
explicitly consider the effects of arbitrary and irregular chiral
objects. An irregular target could lead to an imperfect OAM
phase shift or a superposition of multiple OAM modes. In this
case, a more sophisticated method to identify OAM modal
content could be employed, where OAM modes are identified
via a modal-spectral analysis similar to Fourier transformation
[13,17,18].

In this investigation, the system geometry and test targets
were chosen to facilitate a simple transition to laboratory testing.
Future work will focus on laboratory validation, dynamic target
movement, as well as an examination of multipath effects and
partial target illumination.
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