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Abstract — A modified octree grouping scheme of
the multilevel fast multipole algorithm (MLFMA) is
proposed to analyze the electromagnetic (EM) scattering
from the electrically large target, which is illuminated
by a spiral parabolic antenna. The spiral parabolic
antenna is used to generate the electromagnetic vortex
of a specific mode number by adjusting the height of
split. The proposed method builds two octree groups
and decouples the interaction between the antenna and
the target, so as to save the computational resource
and improve the computational efficiency. Using this
scheme, the numerical example with double metal
spheres illuminated by the electromagnetic vortex
reveals some special phenomena due to the spiral phase
distribution, while the example with a scaled-down
airplane at long operating range demonstrates that the
electromagnetic vortex tends to be plane wave locally
with the increase of propagation distance.

Index Terms — Electromagnetic vortex, incorporate
modeling, MLFMA, octree grouping, orbital angular
momentum, spiral parabolic antenna.

I. INTRODUCTION

Orbital angular momentum (OAM) has been found
in the laser of the Laguerre-Gaussian mode for a few
decades [1]. The electromagnetic wave carrying orbital
angular momentum is also called the electromagnetic
vortex or the vortex electromagnetic beam. The orbital
angular momentum number carried by the electromagnetic
vortex is defined as the topological charge or the mode
number I. A large quantity of research has been
conducted in optics so far, such as the micro-particle
operation [2], the optical communication [3], the
rotating objects detection [4], etc. The investigation of
OAM in the radio domain falls behind optics. In 2007,
Thidé proposed a generation method of the vortex
electromagnetic beam in the low-frequency radio domain
[5]. Since then, a series of explorations on the OAM-
based communication and detection have springed up
like mushrooms. Tamburini and Thidé conducted a
series of wireless communication experiments on the
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electromagnetic vortex, which validate the feasibility
of the multiplexing scheme using orbital angular
momentum [6-8]. However, some scholars put forward
their doubts and considered that the OAM-based
multiplexing scheme is essentially a particular case of
the Multiple-input-Multiple-output (MIMO) system [9-
10]. After some debates, the research team of Thidé
acknowledged that their proposed scheme could be
equivalent to the MIMO system in the case of a limited
receiving aperture [11]. Guo proposed a new radar
imaging scheme utilizing the electromagnetic vortex
[12], and the researchers of his university did much
work on the imaging model and the imaging method
later on [13-15], but there are also controversies about
the resolution performance of their schemes [16].
Fonseca designed a Fresnel-like reflector antenna to
generate high-order orbital angular momentum states
in the radio band [17]. Guan designed a new type of
metasurface to generate the vortex beam of two different
modes simultaneously [18]. For the scattering problem,
there are only a few open literatures conducting the
simulation on the OAM-based scattering of macro
targets in the low-frequency radio domain [19-21], and
all of these simulations are based on the ideal and
analytical source model.

In this paper, we propose a modified octree grouping
scheme of MLFMA [22-23] based on the method of
momentum (MoM) [24-25] to conduct the approximate
incorporate modeling of an electrically large scattering
target and a spiral parabolic antenna efficiently. This
full wave EM simulation uses a practical OAM antenna
as the radiation source and takes the operating range
and antenna coupling into account. Thus, it can
simulate the reality as far as possible. The algorithm
starts with dividing the computational region into two
parts, namely radiation and scattering regions. Firstly,
the induced current on the antenna (radiation region) is
computed with the excitation source; secondly, the
necessary radiation field is calculated as the incident
field for the target (scattering region) with the induced
current on the antenna, and finally the scattered field of
the target (scattering region) is obtained with the
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multilevel fast multipole algorithm. It should be noted
that there are two octree groups built just close to the
surfaces of the antenna and the target respectively,
which avoids the unnecessary octree grouping of the
whole solution domain in the situation of a long
operating range. The simulations in this paper reveal
some special scattering phenomena caused by the spiral
phase distribution of the electromagnetic vortex. The
near-field characteristic of the electromagnetic vortex is
demonstrated by considering the effect of the operating
range. We also provide further verifications and
explanations for the corresponding consequences.

This paper is organized as follows. Section Il
describes the spatial phase distribution of the
electromagnetic vortex generated by a spiral parabolic
antenna with different parameter settings. Section |11
illustrates the modified octree grouping scheme and
provides the numerical example of double metal spheres
with different mode numbers. Section IV provides the
numerical example of a scaled-down airplane which
is illuminated by a spiral parabolic antenna at long
operating ranges and some consequence analyses.
Finally, further discussions and conclusions are drawn
in Section V.

I1. PROPAGATION OF THE
ELECTROMAGNETIC VORTEX
GENERATED BYA SPIRAL PARABOLIC
ANTENNA

Take the spiral parabolic antenna in [6] as the
example to research on the spatial phase distribution of
the vortex electromagnetic beam by practical antennas.
This type of OAM antennas has the advantages such as
high gain, small divergence angle, high mode purity,
and fits for the situation of a long operating range
between the antenna and the target. Figure 1 shows the
antenna model used in the following simulations. The
electromagnetic vortices of different mode numbers can

be achieved by means of adjusting the height of the split.

Figure 2 reveals the phase distribution of the mode
1 and the mode 2 in different propagation distances
through the full wave simulation. The observation planes
used for sampling are perpendicular to the propagation
axis Z and they are centered with the axis Z.

It can be seen that the electromagnetic vortices of
nonzero modes tend to be that of the mode O from the
beam center with the increase of the propagation
distance, and the higher the mode is , the more obvious
the degradation is. This is difficult to be observed with
the ideal and analytical model of the electromagnetic
vortex. Figure 3 shows that the spiral phase distribution
can recover gradually with the expansion of the
aperture.
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Fig. 1. The model of the spiral parabolic antenna used
in numerical simulations. (The horn can be replaced by
the ideal Gaussian feed source).
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Fig. 2. The phase distribution of the electromagnetic
vortex on an observation plane in different propagation
distances. (The size of observation plane is 3m*3m,
10m*10m, 30m*30m from left to right; the operating
frequency is 10GHz; the aperture of the parabolic
antenna is 362, the focus length is 251.)

Fig. 3. The phase distribution of the mode 1 at 100km
with different antenna apertures. (The aperture of the
antenna is 36X, 501, 80A from (a) to (c); the size of the
observation plane is 300m*300m, other parameters are
same with those in Fig. 2).

As we know, the radiation pattern of the OAM
beam with a nonzero mode is doughnut-like and the
direction of the maximum radiation is not along the
propagation axis. The phase variation along the
direction of the maximum radiation is more significant.
Just take the mode 1 in Fig. 2 as an example. Figure 4
(a) and Fig. 5 illustrate that the phase gradient can still
be maintained along the direction of the maximum
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radiation. However, this phase gradient is meaningless
because the scope of the observation area is too large
for common applications on radar. If the observation
circle has a fixed size and it is centered with the
propagation axis, the similar consequence can be
obtained as Fig. 2, which is illustrated in Fig. 4 (b) and
Fig. 6. The full wave simulations above show that the
electromagnetic vortex by a spiral parabolic antenna
has the characteristic of the near field.
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Fig. 4. Two phase sampling schemes.
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Fig. 5. The phase variation along the dynamic-sized
circles which are placed along the direction of the
maximum radiation.
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Fig. 6. The phase variation along the fix-sized circles
which are placed around the propagation axis.

I11. AMODIFIED OCTREE GROUPING
SCHEME FOR SOLVING THE EM
SCATTERING OF THE

ELECTROMAGNETIC VORTEX
For analyzing the long-distance scattering problem
with the method of momentum efficiently, a modified
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octree grouping scheme of the MLFMA is proposed
and illustrated in Fig. 7. The proposed scheme divides
the original incorporate solving process into three steps:
the first step is to compute the induced current on the
antenna with the excitation source. The induced current
for a spiral parabolic antenna is computed with the
electric field integrated equation (EFIE) because of the
open structure:

B () = joou] {Ja(r') +k—12\7(V'~Ja<r'»}G<r, r)dS, |,
(1)

Where E. and J, denote the incident electric field and

the induced current on the antenna respectively, r and
r' are the observation point and the source point
respectively, G is the scalar Green’s function.
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Fig. 7. The illustration of the modified octree grouping
scheme for solving the electromagnetic scattering of the
electromagnetic vortex generated by practical antennas.

The second step is to compute necessary radiation
field (according to the location of the target) as the
incident field for the target according to this induced
current:

i r H r 1 ’ r r '
E (r)=E;(r)= Jwﬂj{Ja(l’szV(V J(r ))}G(",f )ds;
_ (2)
Hi(r) = H () = [3,(r)xVG(r,ryds,.  (3)
Where E. and H' denote the radiation electric field
and the radiation magnetic field of the antenna

respectively, while E! and H! denote the incident

electric field and the incident magnetic field of the
target respectively

The third step is to compute the scattered field of
the target by the corresponding incident field. The
induced current of a close structure is computed with
the combined field integrated equation (CFIE):

aE}(1) + (L= a)nHi (1) |y = @ joou | [J((r')%V(V'-J‘(r'»}e(r,r')ds;

+@-a)n[3,(r)xVG(r,r)dS, |,

(4)



Where J, denotes the induced current on the target, o
is the angular frequency, u is the permeability, 7 is

the wave impedance, and « is the combination
coefficient of the CFIE from 0 to 1.

The purpose of this process is to decouple the
interaction between the antenna and the target because
it is weak enough to be neglected for a long operating
range. The decomposition of the original incorporate
solving process makes the octree group is only built
close to the surfaces of the antenna and the target
respectively. It avoids the unnecessary octree grouping
of the whole solution domain for the incorporate
modeling and the accompanying calculation cost in
the situation of a long operating range. To avoid the
ambiguous definition of the OAM-based RCS, we use
the scattered field in the far field as the evaluation
index.

VA
et )—_Sphere2
A N

Spherel \\\6

(
.

\' ]

X

Fig. 8. Two metal spheres placed on a circle
surrounding the Z-axis with an azimuthal difference of
180°. (The solving frequency is 30GHz, the height of
the spheres is 3001 and their radius is 2.54, they are
aligned with a pitch angle of 5° in the XOZ plane; the
aperture of the parabolic antenna is 101 and the focus
length is 151.)

To validate the feasibility of this approximation
scheme, the bistatic scattered field of two metal spheres
in the far field is shown in Fig. 8 and Fig. 9. It can
be seen that well agreements between the proposed
approximation method and the original incorporate
modeling method by the commercial software FEKO
7.0 are achieved. The differences among the scattered
field amplitudes of three modes are caused by the
maximum gain of the corresponding mode as well as its
direction. Drawing the curves in one chart, some special
phenomena can be observed, which are shown in Fig.
10.

The variation trends of the scattered field with the
pitch angle are same for the mode O and the mode 2,
while the mode 1 is opposite. The monostatic scattered
field also has the same phenomenon, as shown in Fig.
11. A similar consequence had been found by the
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system experiment in [19]. This phenomenon can be
explained with the distributions of the spiral phase and
the target: the two metal spheres are placed on a circle
surrounding the Z-axis with an azimuthal difference of
180°, thus the phase difference between the incident
fields of two spheres is 0° for the mode 0, 180° for the
mode 1, and 360° for the mode 2 approximately.
Therefore, if the scattered field for the mode 0 and the
mode 2 stacks in same phase at some angles, then it is
opposite for the mode 1 at these angles.

To validate this inference, we conduct another
simulation furthermore, which is illustrated in Fig. 12.
This time, the two metal spheres are aligned at the same
height with an azimuthal difference of 90°. It can be
predicted from the inference above that the scattered
field of the mode O and the mode 2 should have the
opposite variation trend, while the mode 1 falls in
between, which is proved in Fig. 13.
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Fig. 9. The scattered electric field intensity in the far
field (Phi=0°) for the proposed method and the original
method: (a) 1=0, (b) I=1, and (c) 1=2.

1640



1641

-30

E (dBV)

(@)

E (dBV)

120 125 130 140 145 150

135
Theta (degree)

(b)

Fig. 10. The bistatic scattered field in the far field
(Phi=0°) for different mode numbers. (a) The observed
pitch angle is from 30° to 60°. (b) The observed pitch
angle is from 120° to 150°.
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Fig. 11. The monostatic scattered field in the far field
(Phi=0) for different mode numbers.
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Fig. 12. Two metal spheres are placed on a circle
surrounding the Z-axis with an azimuthal difference of
90°. (Other parameters are same with those in Fig. 8).
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Fig. 13. The bistatic scattered field in the far field
(Phi=0°) for different mode numbers.

IV. SCATTERING OF THE
ELECTROMAGNETIC VORTEX BY
ELECTRICALLY LARGE TARGETS AT
LONG OPERATING RANGES

To demonstrate the effect of the operating range on
the scattering of the electromagnetic vortex, the bistatic
scattered field of a plane model with a scaling of 0.1
compared with the real size is computed. The solving
setting is illustrated in Fig. 14 and the consequences
are given in Fig. 15. In this simulation, we point the
direction of the maximum radiation to the nose to avoid
the hollow area and the mode degradation. Meanwhile,
the mode 10 in Fig. 15 is generated by a modified spiral
parabolic antenna proposed in [17] to ensure its purity.

Incident
direction

Fig. 14. The bistatic scattering computation of a scaled-
down plane model.

It can be seen from Fig. 15 that with the increase of
the operating range, the variation trends of the scattered
field tend to be the same as the mode 0, and the lower
the mode is, the more obvious this phenomenon is. It
also can be explained by the phase distribution in the
far field.

As shown in Fig. 16, when the target is placed
along the direction of the maximum radiation, the
azimuthal variation for the target becomes smaller and
smaller with the increase of the distance. It means the
phase gradient of the incident field is unapparent and
the incident field can be approximated to the plane
wave locally just as the mode 0. Therefore, there is a
pair of contradictions for the practical OAM-based
radar application because of this special beam structure:
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the null region of the vortex electromagnetic beam can't
be used for the detection, while the direction of the
annular beam can't reflect the phase gradient of the
electromagnetic vortex for a size-limited target. These
lead to the limited usage of the OAM in the radar realm,
which is eager to be solved in the future research.
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Fig. 15. The bistatic scattered field in the far field of the
plane model; (a), (b) and (c) are corresponding to the
operating range of 10m, 100m and 1000m respectively.
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Fig. 16. The positional relationship between the antenna
and the target in the far field.

V. CONCLUSION

To summarize, the approximate incorporate
modeling of an electrically large scattering target and a
practical antenna is conducted in this paper. The octree
grouping scheme is modified to solve the EM scattering
problem based on the electromagnetic vortex. The phase
distributions of the field near the propagation axis in
different propagation distances are simulated, which
prove the degradation characteristic for the vortex
electromagnetic beam generated by a spiral parabolic
antenna. The numerical simulation of an airplane model
and a spiral parabolic antenna reveals a pair of
contradictions for the OAM-based radar application.
However, during its effective operating range, the
scattered field may show a regular difference compared
to the plane wave for some particular structures. This
research demonstrates the significant effect of the
operating range for the OAM-based radar application in
the real world. The following work includes narrowing
the divergence angle of the electromagnetic vortex,
generating the electromagnetic vortex with very high
modes, and exploring some suitable applications during
appropriate operating ranges.
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