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Abstract. Control of orbital angular momentum (OAM) offers the potential for increases in
control and sensitivity for high-performance microwave systems. EM waves with properties
dependent on spatial distribution are said to be “structured.” Control of OAM in microwave
systems is an example of a wave structure that exploits EM degrees of freedom, which most
conventional systems do not use. OAM is characterized by an integer OAM mode in which
zero represents the case of a plane wave and nonzero OAM modes propagate with a helical
wavefront. A uniform circular phased array approach is utilized to produce helix-shaped OAM
wavefronts. This method offers a critical advantage over common fixed-frequency dielectric
lenses; the phases of all antenna elements are programmable across a wide frequency range,
which is necessary for ultrawideband (UWB) radar imaging. Simulations and laboratory experi-
ments are performed to determine the requirements and capabilities of an UWB OAM radar that
uses the circular phased array approach. Key results include OAM phase front characterization,
detection of specified OAM modes, and configuration of a network analyzer UWB radar with
synthetic OAM mode-control via signal post-processing. © 2021 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.15.017504]
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1 Orbital Angular Momentum in Microwave Systems

Ground penetrating radar (GPR) and wall penetrating radars operate by transmitting, receiving,
and analyzing electromagnetic (EM) waves that interact with subsurface features in dielectric
structures such as earth, concrete, and building walls. The severity of each of these interactions
depends on an interplay of wavelength, polarization, antenna orientation, and spatial distribution
of wave properties. EM beams with both amplitude and phase dependent on spatial distribution
are said to be “structured.”1 One type of waveform structure is orbital angular momentum
(OAM). Control of OAM in microwave systems is an example of a wave structure that exploits
EM degrees of freedom, which most conventional systems do not use. This is of interest for
improving radar detection capability for certain shaped objects.2

EM waves and its photons carry both linear and angular momentum. Angular momentum can
be either spin angular momentum (SAM), which corresponds to polarization, or OAM. There are
two types of OAM. Extrinsic OAM is analogous to mechanical angular momentum: because an

EM beam carries linear momentum, ~P, choosing a coordinate reference and a point in space
yields an extrinsic OAM:

EQ-TARGET;temp:intralink-;e001;116;158

~LE ¼ ~r × ~P: (1)
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Extrinsic OAM depends on the choice of the coordinate system and corresponds to beam
trajectory.3,4 The more interesting option is intrinsic OAM, which corresponds to EM beam
helicity.4 This paper focuses on intrinsic OAM, hereafter simply, “OAM.” OAM holds advan-
tages over the conventional use of polarization. Polarization is a property of SAM that defines the
orientation of the oscillations of a wave; however, it constrains antenna orientation and there are
only two states of SAM.5 In comparison, there are theoretically an infinite number of orthogonal
OAM modes. An important distinction should be made between waves with OAM and waves
with circular polarization—these are independent properties. Indeed, a beam of light can have
both circular polarization and OAM. Longitudinal waves, such as acoustic waves, cannot be
polarized, yet can carry OAM.6,7 For transverse waves capable of polarization (such as EM
waves), SAM can be converted to OAM.8

At the photon level, OAM appears as a quantum degree of freedom with integer quanta of
angular momentum added to each photon. The objective then is to have a macroscopic inter-
pretation in which continuous EM fields are compatible with this quantized interpretation. To do
this, OAM can be represented in the macroscopic regime as paraxial EM beams with an orthogo-
nal decomposition of Laguerre–Gaussian (LG) modes.9 LG modes are integers, suggesting a
direct link between the quantum and macroscopic interpretations: LG modes are the eigenmodes
of the OAM operator.9 The generalized Laguerre polynomials for α ∈ R and coefficient n ∈ N1

are the polynomial solutions of the following10 differential equation:

EQ-TARGET;temp:intralink-;e002;116;508xy 00 þ ðαþ 1 − xÞy 0 þ ny ¼ 0: (2)

The beam profiles are solved using the LG modal decomposition. These functions are written
in cylindrical coordinates using generalized Laguerre polynomials:
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where CLG
lp is a normalization constant.9 The result is that each OAM mode has a helical wave-

front geometry with an integer mode number corresponding to the handedness and number
of intertwined helices,11 for example, a single helix, double helix, etc. OAM mode number
zero represents the case of a plane wave. The overall effect is helix-shaped waves12 with
a pitch length on the order of the wavelength and energy concentrated in a ring around the
propagation axis, with no energy at the center along the axis. Because phase is undefined at

the center of the helix, the electric field ~E is undefined, leading to zero field intensity.13

This characteristic annular intensity distribution14 is why OAM beams may also be said to have
a vortex structure.

To date, many investigations of rotating-field EM beams have occurred in the optical
regime,15 and most microwave systems are unable to take advantage of the additional degrees
of freedom offered by helically structured light. LG modes are mathematically mutually orthogo-
nal and represent a theoretical means of propagating EM waves with different information
content along the same beamline at the same wavelength,12,16 increasing the rate of data
transmission17 and improving spectral efficiency. In addition, just as antenna orientation and
polarization have a significant effect on signal returns for conventional penetrating microwave
radars,18 certain object shapes or arrangements may be easier to detect using a radar operating
with a specific OAM mode due to potentially unique scattering properties of waveforms with
OAM. Of particular interest is whether microwave beams with OAM interact with shaped
subsurface features, such as congested pipes or corners, in a different manner than that of non-
rotating beams.

OAM can be induced in microwaves by broadcasting a plane wave through a spiral phase
plate (SPP) dielectric, which introduces an azimuthally dependent phase delay,19,20 as shown in
Fig. 1(a). However, SPPs are frequency-specific, which presents an obstacle for harnessing
OAM in frequency-modulated communication systems and wide-bandwidth radar. Complex
phase fronts such as the OAM helix can be produced using a coherent array of antenna emitters,
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each of which can be phase controlled to create a beam.21 Figure 1(b) shows a circular phased
array that generates the desired helical wavefront.21,22 This approach offers a critical advantage:
the phases of all antenna elements are programmable across different frequencies. As a result,
transmission and reception of an OAM beam can be controlled across a wide frequency
bandwidth.

2 Phase Front of the OAM Waveform

A uniform circular phased array can be configured with different numbers of antenna elements.
Because this may impact the structure and quality of the generated OAM waveform, it is useful
to characterize the phase front created by a given circular phased array. In this experiment,
frequency f ¼ 1 GHz, radius a ¼ λ, and OAM mode l ¼ þ1. These values were chosen to
be realistic for a GPR application and for comparison with work published by Mohammadi
et al.23,24 and Liu et al.25 To calculate a phase front, Maxwell’s equations are written in a potential
formulation where A is the magnetic vector potential and thereby the curl of A is the magnetic
field B: ∇ × A ¼ B. The advantage of this formulation is that it is convenient to visually identify
the EM geometry of a phase front by taking the phase angle of A at every point in a plane of
interest.

When the number of antennas (N) is sufficiently large, a circular antenna array can be ideal-
ized as a continuous circular emitter:23,25

EQ-TARGET;temp:intralink-;e004;116;321AðrÞ ∼ eikr

r
i−leilφJlðka sin θÞ; (4)

where a is the radius of the circular phased array, Jl is a Bessel function of the first kind, k is the
wave vector magnitude λ−1, l is the OAM mode number, and φ is the azimuth angle. MATLAB
provided a numerical evaluation of this expression for the given parameters. Figure 2(d) shows
the characteristic spiral-shaped phase front of A generated by the continuous circular emitter
shown in Fig. 2(a). For the three phase fronts shown in Fig. 2, the view is a slice perpendicular
to the propagation axis, shown at 1.5 m in front of the array. The visible window of the slice has
dimensions 3.2 m by 3.2 m, and phase is shown from -π (blue) to π (red).

The continuous emitter assumption may not always be applicable, however. Gigahertz-
frequency microwave antennas have nontrivial physical dimensions that limit the number
of antenna elements that can be placed in a circular phased array. Furthermore, high-quality
multichannel microwave equipment is often expensive, which places practical limits on the
number of antennas used in many research applications. Because of this, a discrete model that
can model the vector potential created by a relatively small number of phased array antenna
elements is considered. The vector potential (A) for a circular array of N antennas23,25 is
expressed as

Fig. 1 (a) OAM is induced by broadcasting a plane wave through a spiral phase plate (SPP)
dielectric, which introduces an azimuthally dependent phase delay. (b) An OAMþ 1 (left-handed)
EM wave propagating from a four-antenna circular phased array of microwave antennas.

Orfeo et al.: Synthetic ultrawideband orbital angular momentum radar

Journal of Applied Remote Sensing 017504-3 Jan–Mar 2021 • Vol. 15(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Applied-Remote-Sensing on 31 Dec 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



EQ-TARGET;temp:intralink-;e005;116;382AðrÞ ∼ eikr

r

XN
n¼1

e
−i
�
ka

h
cos 2πn

N ð−xÞþsin 2πn
N ð−yÞ

i
−2πnl

N

�
: (5)

A phased array with many individual antenna elements (N → ∞) should closely approximate
the continuum case and produce a high-quality waveform. But what about an array with rela-
tively few antennas? A circular antenna array withN ¼ 8 antenna elements is shown in Fig. 2(b).
Figure 2(e) shows that the phase front ofA produced by this 8-antenna array is well-resolved and
virtually indistinguishable from the continuum result in Fig. 2(d).

A more extreme four-antenna array is shown in Fig. 2(c). The phase front of A generated by
this array is shown in Fig. 2(f). Despite some squaring-off of the spiral, the phase front shown in
Fig. 2(f) exhibits the same overall structure as the continuous emitter and eight-antenna results.
While this does not guarantee that it is possible to generate an OAMþ 1 mode with only four
antennas, it does provide evidence that low-antenna-count arrays may be practically useful for
transmitting microwaves with OAM mode �1 characteristics. These results motivate array
parameter choices for OAM experiments in the subseequent sections of this inquiry.

3 Modeling OAM with the Finite-Difference Time-Domain Method

Feynman noted that, because the three-dimensional wave equation is linear, the most general
solution “is a superposition of all sorts of plane waves moving in all sorts of directions.”26

This implies that EM waves, including those with OAM, are subject to superposition in free
space5,27—an important observation that can be leveraged to demodulate and identify OAM
modes. To do this, finite-difference time-domain simulations of OAM waveforms are performed
using the program gprMax.28 Figure 3 shows the simulation configuration: an eight-element
transmitter array and eight-element receiver array with radii of 1-wavelength (at 1 GHz) placed

Fig. 2 Phase fronts of A with the parameters: frequency f ¼ 1 GHz, radius a ¼ λ, and OAM mode
l ¼ þ1. The view is a slice perpendicular to the propagation axis, shown at 1.5 m in front of the
array, and the visible window of the slice has dimensions 3.2 m by 3.2 m. (a) Continuous circular
emitter. (b) Circular phased array with N ¼ 8 antennas. (c) Circular phased array with N ¼ 4
antennas. (d) Phase front of A for the continuous emitter. (e) Phase front of A for N ¼ 8 antennas.
(f) Phase front of A for N ¼ 4 antennas.
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1.5 m apart. Simulation parameters for this model match the eight-element phased array
considered in Figs. 2(b) and 2(e). Each antenna in the transmitting array broadcasts a phase-
adjustable 1-GHz sine wave. The simulation domain is 1.5 × 1.5 × 2.5 m, including a 0.25-m
thick perfectly matched layer absorbing boundary c/ondition within each face. This domain is
filled with air using the predefined gprMax material “free_space” (relative permittivity ϵr ¼ 1,
conductivity σ ¼ 0 Siemens/meter, and index of refraction n ¼ 1). The time step is 6.16 ps with
a 9.9 ns simulation duration. The spatial resolution in the X, Y, and Z directions is 3.2 mm.
To verify model-function, a single sine wave is simulated. This sine wave is transmitted from
one Y-direction polarized antenna in the transmitter array, and X, Y, and Z components of this
waveform are received at each of the eight receiver antennas. The Y-direction components are
selected, and a moving-mean filter is applied to each of the received signals to remove high-
frequency noise. These data are plotted in Fig. 4(a). Due to geometric path lengths between
antenna elements, three pairs of signals overlap exactly. Because of this, five sine waves are
visible in the plot.

To simulate waveforms with different OAM modes, sine waves are transmitted from all eight
antennas in the transmitter array and received by all eight antennas in the receiver array. The
received Y-component signals are smoothed by a moving-mean filter and plotted as before. In
Fig. 4(b), all eight sine waves are transmitted with the same phase, to produce an OAM 0 (plane
wave) waveform. Due to the path lengths, all eight signals overlap almost exactly. Figures 4(c)
and 4(d) show that OAM modes with opposite signs result in opposite received signal orders.
Figure 4(c) shows sine waves transmitted with phase delays to produce an OAM -1 (right-handed
single helix) waveform. Right-handedness is shown by the signal order, from left to right in the
plot: Rx1, Rx2, Rx3, Rx4, Rx5, Rx6, Rx7, Rx8. In Fig. 4(d), sine waves are transmitted with
phase delays to produce an OAM +1 (left-handed single helix) waveform. Left-handedness is
shown by the signal order, from left to right: Rx8, Rx7, Rx6, Rx5, Rx4, Rx3, Rx2, Rx1.
Therefore, the left-to-right order of the received signals allows for discrimination of OAM mode
0, OAM mode −1, and OAM mode þ1.

Digital OAM phase demodulation leverages superposition to identify specific OAM modes.
Because a given OAMmode has a known spatially dependent phase front, these phase delays can
be canceled out automatically in postprocessing. For an OAM mode Ol, and a mode-specific
demodulate process Dl, a coherent signal S is obtained:

EQ-TARGET;temp:intralink-;e006;116;90DlðOlÞ ¼ S: (6)

Fig. 3 (Left) An eight-element transmitter array and (right) eight-element receiver array with
diameters of two wavelengths (at 1 GHz).
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If, by this method, the individual received signals demodulate into a single coherent sine
wave, an OAM mode is positively identified. If the received signals remain offset, then either
a different OAMmode is present or no OAMmode is present. Figure 5(a) shows OAMmode −1
demodulation applied to an OAM mode −1 waveform. After a cycle of incoherence, the wave-
form demodulates into a demodulated sine wave signal. Figure 5(b) shows this same OAM −1
waveform with OAM mode þ1 demodulation applied: there is no demodulation in this case.
Because OAM mode þ1 is not present in the transmitted signal, OAM mode þ1 demodulation
does not produce a coherent waveform. Figure 5(c) shows the similar case in which OAM mode
−1 demodulation fails to demodulate an OAM þ1 waveform. Finally, Fig. 5(d) shows an OAM
mode þ1 waveform demodulated into a sine wave using OAM mode þ1 processing. Not only
does this result validate OAM modal identification by demodulation, but it also demonstrates a
way in which superposition can be exploited in free-space OAM experiments. The following
section takes this further, exploiting EM superposition to conduct OAM experiments in the
frequency domain.

4 Synthetic Ultrawideband OAM with a Network Analyzer

4.1 System Overview

A radar that operates over a wide frequency bandwidth can deliver high-resolution imaging.
However, most current OAM systems operate at only a single or narrow frequency band.

Fig. 4 (a) A single sine wave is transmitted from Tx1 in the transmitter array and received by all
eight antennas in the receiver array. (b) In-phase sine waves are transmitted from all eight anten-
nas in the transmitter array and received by all eight antennas in the receiver array (OAM 0).
(c) Eight sine waves are transmitted with phase delays to produce an OAM − 1 (right-handed
single helix) waveform. (d) Eight sine waves are transmitted with phase delays to produce an
OAMþ 1 (left-handed single helix) waveform.
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In this section, an ultrawideband (UWB) OAM radar based on a network analyzer is proposed.
This system allows for OAM measurements to be conducted natively at frequencies of interest
during a frequency sweep. The process leverages superposition and postprocessing to recreate
synthetically the behavior of an OAMwaveform. Individual magnitude and phase measurements
are combined to synthesize OAMwaveforms that have the same properties as those generated by
a simultaneously transmitting phased array. To verify the performance of this system, spiral
reflectors are used to detect a specific OAM mode at a specific frequency. The operational
frequency range of a network analyzer gives this OAM system UWB capability, a unique inno-
vation for an OAM radar.

The operating theory behind the function of synthetic OAM is the implementation of a frac-
tional Hilbert transform (FHT).29 The conventional Hilbert transform (HT) imparts a �90- deg

phase shift to every frequency component of a complex signal via multiplication by i. This gives
positive frequencies a shift of þ90 deg and negative frequencies a shift of −90 deg. For a pure
sine or cosine,30

EQ-TARGET;temp:intralink-;e007;116;184H½sin ωt� ¼ 1

π

Z
∞

−∞

sin ωτ

τ − t
dτ ¼ cos ωτ ω > 0; (7)

EQ-TARGET;temp:intralink-;e008;116;129H½cos ωt� ¼ 1

π

Z
∞

−∞

cos ωτ

τ − t
dτ ¼ − sin ωτ ω > 0: (8)

An FHT, by contrast, can impart an arbitrary designated phase shift.31 The FHT has been used
in signal processing32 for tasks such as image edge enhancement and image compression.33

For this research, the ability to designate a specific user-defined phase shift is critical for

Fig. 5 (a) Transmit mode −1 and demodulate with mode −1. (b) Transmit mode −1 and demodu-
late with mode þ1. (c) Transmit mode þ1 and demodulate with mode −1. (d) Transmit mode þ1
and demodulate with mode þ1.
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implementing the phase delays necessary to produce a coherent OAM mode from a circular
phased array. The FHT is defined in the frequency domain as29

EQ-TARGET;temp:intralink-;e009;116;711H∝ðfÞ ¼ ½cos φþ i � sgnðfÞ � sin φ�½XRðfÞ þ i � XIðfÞ�; (9)

where φ is the phase of the FHT, sgnðfÞ is the signum function, and XRðfÞ and XIðfÞ are the real
and imaginary parts of the Fourier transform of the original signal, respectively. In reality, imple-
mentation is very straightforward because the network analyzer operates natively in the fre-
quency domain and gives the operator individual measurements of magnitude and phase for
each frequency component. Therefore, implementation of an FHT is as simple as inserting the
desired phase shifts directly into the individual frequency components. An inverse Fourier trans-
form can then be used to recover a time-domain response if radar imaging is desired.

4.2 Equipment Configuration

A four-channel Keysight PNA-X N5241A network analyzer with UWB frequency-domain
operation from 10 MHz to 13.5 GHz was chosen for this experiment; see Fig. 6. For each pair-
combination of the four antennas in a circular transceiver array, magnitude and phase data are
recorded for frequencies from 10 MHz to 13.5 GHz. This gives 16 antenna-pair measurement
combinations of magnitude and phase at each sampled frequency: S11; S12: : : S43; S44. In par-
ticular, S11, S22, S33, S44 represent perpendicular reflections in which a signal is transmitted,
reflected from a target, and then received by the same antenna. This gives interpretable infor-
mation about the phase distribution of the spatially structured OAM waveform. However, due to
the hardware functionality of a network analyzer, simultaneous transmission and reception of
multiple channel combinations are not possible, and phase delays are not set on the transmission
side. This means that a true OAMwaveform cannot be created. Instead, individual measurements
are taken one at a time, and helical OAM phasing is introduced automatically in postprocessing.
In the previous section, OAM demodulation was used to show that superposition is valid in free
space; therefore, it should be possible to extract useful information from these individual mea-
surements, provided complete (i.e., complex) magnitude and phase information is present.
Leveraging superposition in this manner via postprocessing gives synthetic OAM capabilities.

4.3 Determining the Properties of Synthetic OAM

A test was devised to determine if the synthetic OAM waveforms exhibit the same scattering
characteristics as OAM waveforms produced by a simultaneously transmitting phased array. The
idea is to detect nonzero OAMmodes with a spiral reflector.34 If the synthesized OAMwaveform
behaves like a true simultaneous OAM waveform, a spiral reflector will alter the phases of the
reflected signals in a specific way. Then, if phase delays for the correct OAM mode are imple-
mented in postprocessing, the received signal will be demodulated into a plane wave (OAM
mode 0). For example, Fig. 6 shows a right-handed (OAM − 1) reflector demodulating a
left-handed (OAMþ 1) waveform.22 In this case the right-handed spiral reflector subtracts
OAM from the incident signal. The spiral reflector is chosen with a pitch that is half that of the
incident OAM helix, to account for the round-trip path of a reflected signal. Demodulation is
advantageous in this situation because S11, S22, S33, and S44 measurements of plane wave signals
can be summed to enhance signal-to-noise of the target. An increase in combined signal strength
therefore provides confirmation of a particular OAM mode present in the incident (transmitted)
signal. It is important to note that, similar to an SPP, a spiral target must be tuned to a specific
frequency. Because of this, S11 þ S22 þ S33 þ S44 signal strength will only increase at or around
the frequency for which the spiral reflector is tuned, even when a wide bandwidth OAM fre-
quency sweep is performed. However, there is no reason for OAM to occur only at an arbitrarily
chosen frequency, so detecting OAM characteristics at one frequency provides evidence that
these characteristics will persist at the other frequencies within the frequency sweep. In this
way, this test is used to determine whether or not the synthetic OAM waveform exhibits true
OAM behavior. A successful test would indicate that the properties of an OAM signal can be
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reproduced by synthetically combining individual magnitude and phase measurements. If true, a
network analyzer could be used as a wide bandwidth OAM radar by leveraging superposition.

4.4 Laboratory Test of Synthetic OAM Radar

In this laboratory test, left- and right-handed spiral reflector targets are tuned for an incident
waveform frequency of ∼1.2 GHz. Each target is designed to demodulate a specific OAM mode
(−1 or þ1) at 1.2 GHz. Adding the phase delays for the corresponding OAM mode will lead to
OAM demodulation and increase the signal magnitude around 1.2 GHz when measuring the sum
of the S11 þ S22 þ S33 þ S44 signals. Adding improper phase delays (or no phase delays) will
fail to demodulate the OAM waveform and lead to a degradation of the S11 þ S22 þ S33 þ S44
signal magnitude. We therefore expect a higher signal magnitude around 1.2 GHz: for the

Fig. 6 The synthetic UWB OAM radar broadcasts an OAMþ 1 (left-handed) waveform from
a four-antenna circular transceiver array. An OAM − 1 (right-handed) spiral reflector, made from
aluminum-covered foam wedges, demodulates the left-handed single helix waveform into a plane
wave (OAM mode 0) for detection.

Fig. 7 S11 þ S22 þ S33 þ S44 signal magnitude when reflected from two spiral reflector targets,
using three different synthetic OAM postprocessing modes. The bar chart shows the results for
incident signals of 1.2 GHz, the frequency for which the spiral reflectors are tuned. Signal returns
from the left-handed spiral target (at both 1-m and 2-m distances) are greatest when the incident
signal is postprocessed with OAM − 1 phasing. Signal returns from the right-handed spiral target
(at both 1-m and 2-m distances) are greatest when the incident signal is postprocessed with
OAMþ 1 phasing.
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left-handed (OAMþ 1) target when the incident signal is postprocessed with OAM − 1 phasing
and for the right-handed (OAM − 1) target when the incident signal is postprocessed with
OAMþ 1 phasing. An air-shot background subtraction is performed for each trial. Figure 7
shows the results for this test. As predicted, signal returns from the left-handed spiral target
are greatest when the incident signal is postprocessed withOAM − 1 phasing.OAM − 1 phasing
improved signal returns by at least 13% at the 1-m distance and 25% at the 2-m distance. In a
similar fashion, signal returns from the right-handed spiral target (at both 1-m and 2-m distances)
are greatest when the incident signal is postprocessed with OAMþ 1 phasing. Improvements
here were at least 33% at 1 m and at least 22% at 2 m. This indicates successful functioning of
a synthetic OAM system based on measurement superposition.

5 Summary of Results

The results of this inquiry are summarized as follows. The phase front of the vector potential (A)
of an OAM waveform can be realistically generated using a circular phased array with as few as
four discrete antenna elements. This provides motivation for performing microwave simulations
and laboratory tests using circular phased arrays with four to eight elements. An eight-element
circular phased array is then used in a simulation model to generate waveforms with nonzero
OAM. In this simulation, gigahertz-frequency OAM modes ð−1; 0;þ1Þ can be received and
demodulated, demonstrating superposition. Finally, a laboratory experiment that leverages
superposition to validate the function of a synthetic UWB OAM radar based on a network ana-
lyzer is presented. It is found that combining individual magnitude and phase measurements can
reproduce the behavior of OAM waveforms generated by a conventional simultaneously trans-
mitting phased array. This indicates that a synthetic network analyzer system may be a viable
path forward for the further development of an UWB OAM radar.

6 Discussion

The overarching goal of this research is to harness OAM for use in UWB GPR systems. Results
indicate that synthetic OAM may be a viable means for achieving UWB OAM, which could
provide improved detection of targets with spiral scattering cross-sections, as well as improved
GPR sensitivity. This inquiry considers free-space experiments; it will be of considerable interest
to evaluate the functionality of the synthetic UWB OAM system in penetrating radar applica-
tions. Additional applications may include ghost imaging via differential signal analysis between
a helical OAM mode and a plane wave without OAM characteristics. The authors are currently
exploring the viability of exploiting OAM waveforms for use in a counter-stealth microwave
radar, as well as in land mine detection applications. Future work will focus on wideband and
dual-function sensing and communication systems35 that leverage the unique modulation and
scattering potential of OAM waveforms.
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