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Abstract — This work presents a full-wave numerical
method for simulating the radar cross-section (RCS) of
targets illuminated by structured electromagnetic waves
generated by physically realizable sources embedded
within the simulation domain. The proposed framework
enables RCS prediction using practical excitation mech-
anisms, such as antenna arrays, rather than idealized
incident fields. To demonstrate the approach, we com-
pute the RCS of several canonical targets under illumi-
nation by an orbital angular momentum (OAM) vortex
wave produced by a uniform circular array (UCA) of
dipole antennas. The simulated results reveal distinctive
scattering behaviors and increased RCS diversity asso-
ciated with OAM-based structured wave excitation. The
methodology establishes a foundation for future studies
of target scattering under a broad range of structured
electromagnetic fields and source configurations.

Index Terms — Radar cross-sections, microwave orbital
angular momentum, finite difference time domain
(FDTD), method of moments (MoM).

I. INTRODUCTION

Structured electromagnetic waves constitute a class
of field distributions characterized by spatially varying
phase and amplitude profiles in the far field. Common
examples include Laguerre-Gaussian (LG) and Hermite-
Gaussian (HG) modes, which exhibit nontrivial wave-
front structures and unique propagation characteristics.
In this work, we focus on structured waves carrying
orbital angular momentum (OAM), often referred to as
vortex beams. The electric field of an OAM mode can be
expressed as

E(x,y,2) = Eo(x,y,2)e HReedt@n 009 (1)
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where ¢ € Z is the azimuthal mode index and k = 27” is
the wavenumber.

A number of prior studies have investigated the
radar cross-section (RCS) diversity associated with
OAM-wave illumination. Physical optics (PO)-based
techniques have been widely used to model scatter-
ing from electrically large objects under OAM exci-
tation [1-6], and several experimental measurements
of OAMinduced RCS variations have been reported
for canonical and complex targets [1, 7-9]. Addi-
tional studies have examined reflection and refraction
of OAM waves from dielectric and perfectly conduct-
ing slabs [10]. While PO methods offer computational
efficiency for large scatterers, they inherently neglect
important mechanisms such as edge diffraction, creep-
ing waves, and higher-order interactions

Full-wave electromagnetic techniques-including the
method of moments (MoM) and the finitedifference
time-domain (FDTD) method-provide a more rigorous
alternative, yielding accurate scattered fields for objects
of arbitrary size and geometry. Prior full-wave studies
involving OAM illumination have typically injected vor-
tex beams using analytical field expressions prescribed
at a domain boundary or source plane [11, 12]. Mie
theory has also been used to analyze LG-mode scattering
from spherical objects [13]. In [14], OAM excitation
generated by idealized Hertzian dipoles was examined
within a PO framework for PEC targets.

In contrast to these approaches, this work develops
a full-wave simulation methodology in which the struc-
tured wave is generated by a physical source located
inside the simulation domain. Specifically, we model
an OAM beam produced by a uniform circular array
(UCA) of dipole antennas, where each element is excited
with a phase proportional to its azimuthal position
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¢ = tan™! 2 of the array elements consistent with (1).
This approach enables realistic modeling of structured-
wave illumination from practical antenna architecture.
Because the UCA radiates directly into the far field,
the total computed fields contain contributions from
both the source and the target scatterer. To analyze the
RCS, we therefore introduce a systematic procedure for
separating the scattered field from the directly radiated
field. Another challenge arises in defining RCS for
structured waves. Traditional RCS definitions assume
plane-wave illumination with uniform incident power
density (Si,c). Structured waves violate this assumption
due to their inherently nonuniform spatial distributions.
Accordingly, we adopt the generalized RCS definition

. 477:AR2 Sscat
m ——-

RCS(9,9) = lim =—
mc

) 2
where % is the average incident power density com-
puted over a designated capture plane of area A. This for-
mulation enables consistent comparison between scat-
tering under OAM illumination and traditional plane-
wave excitation, similar to the normalization approach
in [12]. It is important to note that the RCS is, in general,
a function of the transmit and received polarization.
The received polarization components are referred to by
spherical coordinate unit vectors RCSg and RCSy, or the
total RCS;,; = RCSg + RCSy. The results m presented
are for an incident polarization in the +y direction
(¢-component in YZ plane).

The remainder of this paper is organized as follows.
Section II presents the methodology for generating
OAM excitation using an embedded antenna array and
for isolating the scattered field in full-wave simulations.
Section IIT provides numerical results illustrating the
RCS of canonical PEC objects under OAM illumination.
Conclusions and potential extensions to other structured-
wave sources are discussed in section IV.

II. METHOD

In full-wave electromagnetic simulations, the radi-
ated far fields are computed from the currents induced
by the excitation sources. In FDTD simulations, these
far fields are obtained from the simulated near fields via
the surface equivalence theorem [15]. A fictitious closed
surface is placed around the radiating and scattering
structures, and equivalent electric and magnetic surface
currents representing the radiated fields are given by

J,=hAxH, (3)

—

My = —AxE, 4)

where H are the magnetic fields on the surface, E are
the electric fields, and 7 is the unit normal vector to the
surface.
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When both antennas and scatterers are present
inside the same computational domain, the equivalent
surface currents naturally contain contributions from
both the antenna radiation and the object’s scattered
response. To isolate the scattered fields, we introduce a
two-step simulation procedure, illustrated in Fig. 1.

1. Step 1: Simulate the full configuration containing
the antenna array and the scatterer. Extract the total
fictitious currents (J; rorat, Ms soral) -

2. Step 2: Remove the scatterer and repeat the simula-
tion using the same excitation. The resulting fictitious
currents (Js incident, My incidens) TEPresent the incident
fields due solely to the antenna. A fluxcapture plane
of area A, aligned with the projected area of the
scatterer, is used to compute the average incident
power density % which is required to normalize
the RCS.

The scattered-field equivalent currents are then
obtained by subtraction:

J&,scattered = Js.total - Js,incidentv (5)
Msﬁscattered = MsAtotal - Ms,incident~ (6)

The scattered far fields are computed using the standard
radiation integrals with vector potentials [15]:

N = /fse—jkr’cost[/dS/7 7)
N

I = /Msefjkr/cosq/ds/. (8)
JS

Substituting the resulting scattered fields into the gen-
eralized RCS definition in (2) yields the desired bistatic
RCS. The two RCS polarization components are

k2 - - 2
RCS6(0,0) = g L9+noN9‘ )
mc
2 . o2
RCS¢(9,¢):m L¢+n0N¢‘ . (0)

where k = 27” is the wavenumber and 1 is the free space
impedance.

Throughout this work, we report the bistatic RCS
for the case where the incident beam propagates along
the +z direction with back and forward scattering direc-
tions correspond to 8 = 180° and 6 = 0°, respectively.
This coordinate convention is the spherical coordinate
system for antenna far field patterns. The observation
direction 7, has an elevation angle 0 that is measured
from the +z axis and an azimuth angle ¢ that is measured
from the +x axis as shown in Fig. 2.

Both the MoM framework of [16] and the FDTD
solver of [17] are used. In MoM, the equivalent twostep
subtraction process is applied in the far field rather than
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Imaginary closed surface

J&total A{s,total /
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!
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Scagterer
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by free space

Fig. 1. (Top) The first simulation step in the process
contains both the local sources and the scatterer inside
an imaginary closed surface. (Bottom) The second step
removes the scatterer from the domain and includes a
flux capture plane for incident power on the scatterer.

at the equivalent surface, i.e. Ecanered = Eroral — Eincident
which requires twice the number of far-field evaluations
but is otherwise equivalent.

III. RESULTS

To validate the local-source RCS methodology, we
first analyze a configuration where the scatterer is placed
in the far field of a half-wavelength dipole antenna. At
sufficiently large distance, the dipole radiation approxi-
mates a plane wave, enabling comparison with standard
plane-wave RCS results obtained from full-wave simula-
tions. Simulations are performed for both a PEC sphere
and a PEC square plate at 8.75 GHz.

The far-field distance is computed as

2D?
=3 (1D

where D is the diameter of the radiating structure. For
the validation study, the PEC sphere with diameter equal
to A is placed at a distance 60 times zy; to ensure an
excellent plane-wave approximation (Fig. 2). The RCS
results appear in Fig. 3 and show excellent agreement
between the local-source method and the conventional
plane-wave RCS.

A similar comparison is made for the PEC plate
shown in Fig. 4. Again, the RCS computed using the
proposed two-step method matches the plane-wave RCS
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exactly as seen in Fig. 5, confirming the correctness of
the field-separation procedure.

PEC

Tsphere = A/2

Flux Capture Plane

Fig. 2. Simulation scenario to approximate a linearly
polarized plane wave incident on a PEC sphere. The
diameter of the sphere is one wavelength. The coordinate
axis shows the spherical coordinate convention used to
define the observation angles 6 and ¢ for an observa-
tion direction towards the vector 7. The origin of the
coordinates system is physically located at the center of
the dipole source; however, it is offset in the figure for
clarity.
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Fig. 3. RCS computed by the local source method for a
PEC sphere compared to the traditional plane wave RCS.

A. PEC sphere RCS under OAM modes

We next examine RCS under OAM illumination.
Structured waves are generated by a UCA of eight
halfwavelength dipoles arranged with radius 17 mm



PEC 4
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Fig. 4. Simulation scenario to approximate a linearly
polarized plane wave incident on a PEC plate. The
width and length of the plate in the x—y plane are one
wavelength. The origin of the coordinates system is
physically located at the center of the dipole source;
however, it is offset in the figure for clarity.
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Fig. 5. RCS computed by the local source method for a
PEC plate compared to the traditional plane wave RCS.

(approximately A /2 at 8.75 GHz). The UCA is mounted
9 mm above a circular PEC reflector (radius 58.5 mm)
to achieve unidirectional radiation (Fig. 6). Each OAM
mode with index ¢ is synthesized by assigning element
phases proportional to azimuthal angle as in (1).

Because OAM beams exhibit mode-dependent
angular radiation maxima, the scatterer is repositioned
for each mode so that it lies along the direction of max-
imum radiated power of the mode, ensuring consistent
illumination across modes and accurate comparison with
the plane wave RCS, as well as comparison between
modes. Sample radiation patterns for modes ¢ =0, 1, and
2 are shown in Fig. 7.

Far field bistatic RCS patterns for the PEC sphere
are shown in Fig. 8 for the elevation plane where ¢ =
90° and compared with the other modes as well as a
plane wave on the same axis. For all results in this
section, both the 6 - and ¢-polarized components of
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Fig. 6. Geometry of the UCA shown from a top-down
view (top) and from a side on view (bottom). The
UCA consists of eight half wavelength dipole elements
arranged in a circle above a PEC ground plane acting as
a reflector. All dipole antennas are at the same height
from the ground reflector but shown here at different
heights for clarity. The origin of the coordinates system
is physically located at the center of the ground plane;
however, it is offset in the figure for clarity.

the RCS are presented separately. These polarization
components are aligned with the spherical coordinate
unit vectors. In the cartesian YZ plane, where ¢ = 90° or
¢ = 270°, the @-polarization vector is pointing towards
—x or +x direction respectively. The 6 polarization
vector is pointing towards +y when 6 = 0°, is pointing
towards —z when 6 = 90°, and is pointing towards —y
when 6 = 180°. This description applies to all polarized
RCS calculations presented here. In the ¢ = 0 mode, the
¢-polarized component is a very close approximation
of a plane wave. It is notable that the ¢ polarized
scattering component is higher magnitude for 6 ~ 50°
and 6 =~ 150° for £ = 2 and at 6 ~ 180° for £ = 3
modes, indicating an RCS diversity for the higher order
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Fig. 8. The bistatic RCS of the PEC sphere for modes
¢ =0,1,2,3 in the ¢ = 90° plane for the B-polarized
component (top) and ¢-polarized component (bottom).

OAM mode illuminating beams even in the co-polarized
scattered fields.

Another significant characteristic of the sphere scat-
tering results is the significant increase in the cross
polarized 6-component of the scattered fields for all
modes ¢ > 0. The cross polarized component is nonex-
istent in the plane wave and ¢ = 0 modes, indicating a
§ : ] strong diversity induced by the OAM wave even for a

150 rotationally symmetric scattering target such as the PEC

* " sphere.
[ maximum vaue = 16953 ] .2 To further validate the method, scattered fields (not
ek UL RCS) computed using MoM and FDTD are compared
e, 920 with the sphere moved to a distance of z;; ~ 210 mm.
60 The FDTD domain contains 64 million cells and is
run for 15,000 steps; MoM requires only discretization
x. of the sphere and antenna (2362 edges). The normal-
ized scattered fields for ¢ = 1,2 are shown in Fig. 9
and exhibit good agreement. Small deviations occur
primarily in cross-polarized components where field

. ‘ m magnitudes are loW and pumerical precision is limit§d.
a8 180 When computing simulations for a single frequency with
only PEC objects in the domain, the MoM is typically

120° j b 120

Fig. 7. Geometry of the scattering simulations, with . o ] .
the target object located in the direction of maximum more efficient. However, many applications will require

radiation, (8, ¢4) as shown (top). The far field radiation dielectric objects and wideband frequency simulation
patterns of the UCA for modes £ = 0,1, and 2 with which reduces the efficiency of the MoM solution.
” In these applications, the FDTD computation is more

efficient.

annotations for the direction of maximum radiation
identified. All dipole antennas are at the same height
from the ground reflector but shown here at different
heights for clarity. The origin of the coordinates system  B. PEC plate RCS under OAM modes

is physically located at the center of the ground plane; The next canonical object used as a scattering
however, it is offset in the figure for clarity. target is the PEC plate. The PEC plate has a square
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Fig. 9. Normalized scattered field comparison for a PEC
sphere between MoM and FDTD simulation methods.
The results for £ = 1 are shown for the 6 polarized
(top) and ¢-polarized (second from top) components of
the scattered electric field. The same results for £ =2
are shown for the 6-polarized (third from top) and
@-polarized (bottom) components.

cross-section with length and width equal to one wave-
length at 8.75 GHz. The same simulation configurations
that were used for the PEC sphere are repeated for the
PEC plate. The RCS results are presented in Fig. 10
in the ¢ = 90° plane. The PEC plate RCS values are
improved for the / = 2 mode for the co-polarized ¢-
component while other modes follow a similar pattern
to the plane wave but are lower in magnitude. As with
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Fig. 10. The bistatic RCS of the PEC plate for modes
¢=0,1,2,3 in the ¢ = 90° plane. The O-polarized com-
ponent (top) and the ¢-polarized component (bottom).
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Fig. 11. The PEC ogive is placed at 60 times the farfield
distance above the UCA. The dimensions of the ogive
are defined according to the standardized model used in
RCS literature [18]. The origin of the coordinates system
is physically located at the center of the ground plane;
however, it is offset in the figure for clarity.

z @ ®®

the sphere, significant increases appear in the cross-
polarized 6-component for all £ > 0, again demonstrat-
ing OAM-induced polarization conversion.

C. PEC ogive RCS under OAM modes

The ogive is a commonly used object for RCS stud-
ies with standardized dimensions [18]. The simulation
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Fig. 12. The bistatic RCS of the PEC ogive is calculated
for modes £ =0,1,2,3. The ¢ = 90° plane is compared
between modes and to a plane wave for the 8-polarized
component (top) and ¢-polarized component (bottom).

configuration is shown for a PEC ogive in Fig. 11.
The corresponding RCS results are shown in Fig. 12
indicating that, unlike the sphere and plate, the ogive
does not exhibit increased co-polarized scattering for
OAM modes. However, a substantial increase in the
cross-polarized component is again observed for all
£ > 0 modes, suggesting that OAM-induced polarization
conversion persists across geometrically distinct canon-
ical scatterers.

IV. CONCLUSION

This work presents a general method for com-
puting the scattered fields and radar cross-section of
objects illuminated by structured electromagnetic waves
generated by sources embedded within the simulation
domain. This method is applicable to both FDTD and
MoM solvers and provides a practical two-step proce-
dure for isolating scattered fields from direct antenna
radiation.

The approach is validated by comparing localsource
RCS results with traditional plane-wave RCS for canon-
ical PEC targets, showing excellent agreement. We then
apply the method to OAM illumination produced by a
realistic uniform circular dipole array. Across a range
of canonical objects including a sphere, plate, and ogive
we observe significant increases in cross-polarized scat-
tering for OAM modes ¢ > 0 relative to plane waves. In
some cases, increases in copolarized side-scattering are
also observed.
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These results demonstrate the RCS diversity achiev-
able through structured-wave excitation and illustrate
the capability of the proposed method to simulate realis-
tic OAM sources. The framework provides a foundation
for future work involving more general structured-wave
excitations, complex scatterers, and advanced antenna
architectures.
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