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ABSTRACT In this paper, we demonstrate that the solid cylinder dielectric resonator antenna (CDRA) is
a high radiation efficient device to generate orbital angular momentum (OAM) waves with different OAM
modes at different frequencies. Theoretical formulations of its radiation fields are deduced in the cylindrical
coordinate system, which shows that all components of the electric and magnetic fields have the azimuth
dependence of ¢¢. A full-wave simulation on a practical size CDRA is then implemented to validate the
theoretical derivations. The simulation results show that different separated OAM modes can be obtained at
different frequencies. Specifically, the higher order OAM modes are generated at higher electron magnetic
modes, which makes CDRA a promising method to overcome the narrow band and multiband issues existing
in the design of current OAM devices. Furthermore, a maximum radiation efficiency of 97.1% at 13.3 GHz,
and a minimum radiation efficiency of 72.4% at 19.45 GHz are obtained in our simulation, which is a high
radiation efficiency feature at the OAM resonant frequencies.

INDEX TERMS Cylinder dielectric resonator antenna, orbital angular momentum, high radiation efficient.

I. INTRODUCTION

Orbital angular momentum (OAM) has grown into a large
research field with numerous applications in the domains of
terahertz communication [1], video transmission [2], biomed-
ical engineerings [3], and imaging [4]. Research indicates that
OAM allows the possibility of transmitting multiple signals
simultaneously at the same frequency with different OAM
modes. This can be used to increase the channel multiplexing
and potentially improve the spectrum efficiency [5]. OAM
based radio frequency communication has become a hot
research field after the first laboratory experiment of OAM
radio beam generation was presented in [6]. In order to satisfy
the needs of diverse applications, there are many schemes
for the generation of OAM radio beams, such as the single
patch antenna [7], spiral phase plate [8], phased array [9],
metamaterial antenna [10], and horn lens antenna [11].

A dielectric resonator (DR), which is a kind of low
loss material with high relative permittivity, has become
a novel electromagnetic device for antenna design. The
antenna system which applies a DR as the radiator is
called dielectric resonator antenna (DRA). DRA offers many

outstanding features. The first is size reduction - the dimen-
sion of a DRA is in the order of ’\—gr, where A is the free
space wavelength and ¢, is the dielectric constant of the DR
material. By choosing a high value of ¢,, the size of the
DRA can be significantly reduced with no inherent conductor
loss in dielectric resonators. The second is high radiation
efficiency. The third is the multiple modes radiator — the
operating band of a DRA can be varied over a wide range by
suitably choosing DR parameters. These excellent properties
of the DRA in terms of low loss, low profile and high radiation
efficiency makes it an attractive method for OAM antenna
design.

Much research has been done on the transmission char-
acteristics of DRA [11]-[16]. To our best knowledge, the
only paper exhibiting an OAM beam generated by DRA
was [17], where the authors provides a simple analysis, a
numerical simulation and an experiment to demonstrate the
OAM features. To obtain the theoretical analysis, the intuitive
model, replacing the ring with equivalent circular dipoles,
is adopted in [17]. Without this equivalence assumption, we
directly derive the EM wave expressions based on Maxwell
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equations for the DRA, satisfying certain boundary condi-
tions. In particular, this paper provides a detailed theoretical
explanation of OAM waves propagating along a solid cylin-
drical dielectric resonator antenna (CDRA).
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FIGURE 1. CDRA immersed in an infinite medium.

Il. THEORETICAL MODEL AND ANALYSIS

In order to study the transmission characteristics inside or
outside the DRA, we need to first calculate the electromag-
netic field distribution of a solid cylinder dielectric resonator
antenna (CDRA) in a cylindrical coordinate system. The
theoretical model of the CDRA is shown in Fig.1. A CDRA of
radius a divides the space into two regions: Region 1 denoting
the space inside the CDRA (r < a) and Region 2 denoting
the opening air space outside the CDRA (r > a).! The
permittivity in Region 1 is 1 and the permittivity in Region
2 is 7, where we assume that €1 > ¢;. In both regions, the
permeability is the same fi¢.

Without loss of generality, our analysis is based on two
basic principles: guided waves are governed by the source-
free Maxwell equations [12] and the total electromagnetic
field can be separated into partial fields. The guided wave
modes propagate along a perfectly straight line path, and
every component of the electromagnetic wave can be rep-
resented in the form f(u, v)e_jﬁz“'j“” , where z is chosen as
the propagation direction, # and v are the generalized orthog-
onal coordinates in the transverse plane. In the following,
the factor e /#*7¢" will be suppressed for simplicity. Then,
the scalar Helmoholtz equation in the cylindrical coordinate
system(r, ¢, z) can be written as

3%E. 10E; 92E,
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IThe length of the CDRA is assumed to be infinite.
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and every component of the electromagnetic field can be
obtained as

B = s - 3)
E, = kig(—JTﬂaa—% + aalfz) ©)
H, = chzd“r’“;—% B )
H,y = ;lg(_ng% - @%) ©)

with kc2 = w?ue — B2 (B is the propagation constant).

In Region 1, the equations (1) and (2) can be solved by
using separation of variables [12], [13]. Let kC2 = kczl, ko1 1s
the cutoff wavenumber in Region 1. The electric and magnetic

field expressions can be derived from (1)—(2) as follows:

00
Ezl(ra ®) = Z ZAanm(kclr)eim(p @)
m=0 n=1
00 o0 ‘
Hl(r, ¢) = Z ZanJm(kclr)ef’"‘P 8)
m=0 n=1
k2 = o’ poer — B ©)

where the coefficients A,,, and B,,, are decided by matching
the boundary conditions. Here m can be any integer greater
than or equal to zero, n can be arbitrary integer greater than
zero, B is the propagation constant. J,,(k.1r) is the Bessel
function of the first kind of order m with k.1 r as the argument.
For an actual size CDRA with radius a, we can calculate
the cutoff wavenumber k.1, = %, where u,,;, is the nth
root of J,,(kc17). The transverse fields can be obtained by
substituting the expressions (7)—(8) into the equaions (3)—(6).
Thus, we have
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The prime, J,, (k.1 7) signifies the derivative of the function
with respect to its argument k7.
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In Region 2, all field components will decay to zero as
r — 00. Then we let kc2 = —kczz, k> is the cutoff wavenum-
ber in Region 2. The electric and magnetic field expressions
can be derived from (1)—(2) as follows:

[o.cle ]

EXr @) =YY ConKnlkar)e™ (14)

m=0 n=1
00 00

HX(r,9) = ) Y DynKn(kear)e™ (15)

m=0 n=1

where K, (kqor) is the modified Bessel function of the second
kind of order m and kcr is the argument. Here, the modi-
fied Bessel function K, (k.or) is chosen since as r — 00,
K(keor) — 0, as required by the radiation condition at co.
The coefficients C,,, and D,,;, are decided by matching the
boundary conditions. Here m can be any integer greater than
or equal to zero, n can be any arbitrary integer greater than
zero. B is the propagation constant, and

ks = B — o2 (16)

The transverse fields can be obtained by substituting
expressions (14)—(15) into (3)—(6). We have
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According to the external field equations (17)—(20), we
note that the argument k. of the modified Bessel function
must be real in order to satisfy the radiation condition, thus,
ko > 0. On the outside of CDRA (r > a), the mode is no
longer bound to the CDRA. Therefore, the cutoff frequency
tends to zero.

Here, we discuss the waveguide modes of a CDRA. Inside
a cylindrical dielectric waveguide, the modes can be divided
into three types to identify the field variations along the
o, r, and z directions, respectively. These field modes are:
transverse electric mode TE,,,s, transverse magnetic mode
TM,,ns, and hybrid modes HE,;;s (m,n > 1) and EH;s
(m,n > 1) [12], [13]. The first index m denotes the order
of field variation in the azimuthal plane, the second index n
denotes the order of field variation along the radial direction,
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and the third index §(0 < § < 1) denotes the order of field
variation along the z-direction. In the TE mode, E, = 0 along
the propagation direction z; in the TM mode, H; = 0 along
the propagation direction z; and in the hybrid mode, E, # 0
and H, # 0 along the propagation direction z.

As we can see, the TEy,s and TMy,s modes have no
azimuthal variations for m = 0 in their expressions, other
modes like TE,;;;s (m > 1), TMns (m > 1) and hybrid modes
have an azimuth dependency of ¢¢, which is the general
characteristic of OAM.

Ill. FULLWAVE SIMULATION AND DISCUSSION

In section II we introduced the theoretical analysis to show
the OAM features of a CDRA under a certain boundary
condition, by using the separation of variables. In this section,
an actual CDRA model is adopted to verify the theoretical
results by a full wave simulation. The configuration of the
cylindrical dielectric resonator antenna (CDRA) is shown in
Fig.2. The CDRA with diameter D and length 4 is placed on
the upper side of a substrate, and a metallic ground plane is
placed on the lower side of the substrate. The permittivities of
the CDRA and the substrate are ecpra and gg,p, respectively.

Eub
CDRA
LD
Ly \__
\
y igCDR
S|

(a) (b

FIGURE 2. A CDRA placed on a substrate, and fed by a microstrip
off-center fed line. (a) Top view of CDRA. (b) Geometry of CDR

In order to investigate the OAM features of the CDRA,
we made a full wave simulation based on the configuration
in Fig.2. The microwave simulation software CST Studio
Suite was used for the simulation. As can be seen from
the theoretical derivation formulas, under certain conditions
with proper size and permittivity and appropriately chosen
excitation, the CDRA can radiate OAM waves in some of
the electromagnetic modes. Different excitation methods can
cause different field mode distributions inside the CDRA,
a number of excitation methods have been proposed in the
article [16]. As shown in Fig.2, the CDRA is printed on a
Rogers substrate with a relative permittivity of e, = 3.48,
a loss tangent of 0.002, and a substrate thickness of 1.6 mm.
The red color in the Fig.2 represents the metal feeding line.
The dimension of the substrate is 50 x 50 mm?. The final
parameters of the CDRA in this simulation are D = 12 mm,
h = 10 mm, Ly = 30 mm, Wy = 2 mm, ecpra = 10. The
simulation environment is in free space.
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FIGURE 3. Simulated return loss of proposed CDRA.

Fig.3 shows the return loss of the proposed CDRA. As can
be seen, the CDRA is a multimode resonant antenna and
OAM waves are generated at some of these resonant frequen-
cies. There are eight resonant points across the frequencies
between 13 and 20 GHz, four of these resonant frequencies
are generated OAM waves with topology charge number /=1
at 13.3 GHz,/ =2 at 144 GHz,/ =3 at 16.8 GHz,/ = 4 at
19.45 GHz. As can be seen, the largest / is at the highest OAM
resonant frequency. This further indicates that higher order
OAM will be generated at higher resonant electromagnetic
modes.
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FIGURE 4. Simulated electric field density with different OAM mode
numbers. (@) / =1,(b) I =2,(c) I =3,(d) [ =4.

Fig.4 and Fig.5 show the simulated amplitude and phase
of the radiation electric field in upper side of CDRA, respec-
tively. The observation window is a square area with a dimen-
sion of 150 mm x 150 mm. The electrical field intensity
observation distance is 20 mm above the upper surface of
CDRA. The center of the vortex is exactly aligned with the +z
direction, where the electrical field intensity is nearly zero.
The rotational phase front of OAM radio beams are obtained
from the electric field phase patterns. Fig.5 (a), (b), (c) and (d)
show the spiral phase front variations of 1, 2, 3, 4 along
the azimuthal plane, respectively. Calculating the numbers
of periodic phase variations along the azimuthal direction,
clearly demonstrates that the CDRA radiates four OAM radio
beams with topological charge number / = 1,2, 3,4 in +z
direction.
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FIGURE 5. Simulated electric field phase with different OAM mode
numbers. (@) / =1,(b)/ =2,(c)/ =3,(d) | = 4.
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FIGURE 6. Field distributions of proposed CDRA. (a) 13.3 GHz,
(b) 14.4 GHz, (c) 16.8 GHz, (d) 19.45 GHz.

Observation confirms the theoretical derivations that a sin-
gle CDRA can generate multiple OAM modes under cer-
tain conditions. Furthermore, as the resonance frequency
increases, so does the number of OAM orders.

In order to verify the relationship between electromagnetic
modes and OAM modes, Fig.6 shows the transverse view of
E-fields and H-fields simultaneously. Here, we don’t con-
sider the field variations in +z direction. The observation
window is located in the middle of the CDRA (h = 5 mm).
The left (right) column denotes the E-fields (H-fields) at
frequencies 13.3 GHz, 14.4 GHz, 16.8 GHz, 19.45 GHz,
respectively. As can be seen from the field patterns:
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o TEq is excited at 13.3 GHz to generate the OAM wave
with the corresponding topology charge number / = 1

o HE» is excited at 14.4 GHz to generate the OAM wave
with the corresponding topology charge number / = 2

o HE3j is excited at 16.8 GHz to generate the OAM wave
with the corresponding topology charge number / = 3

o HE4, is excited at 19.45 GHz to generate the OAM wave
with the corresponding topology charge number / = 4

Efficiency( %)

11 12 13 14 15 16 17 18
Frequency, GHz

19 20 21

FIGURE 7. Simulated total efficiency of proposed CDRA.

Fig.7 shows the simulated total antenna efficiency of the
proposed CDRA. Antenna efficiency is defined as the ratio of
the radiation energy to the total energy of feeding. As can be
seen from Fig.7, the efficiencies obtained from the four OAM
resonant frequencies is high. Specifically, the efficiencies are
97.1% at 13.3 GHz, 92.3% at 14.4 GHz, 94.2% at 16.8 GHz,
72.4% at 19.45 GHz. These results indicate that the CDRA
has a maximum radiation efficiency of 97.1% at 13.3 GHz,
and a minimum radiation efficiency of 72.4% at 19.45 GHz.

IV. CONCLUSION

In this paper we firstly studied the transmission characteris-
tics of a solid cylindrical dielectric resonator antenna (CDRA)
in a cylindrical coordinate system. Secondly, a full-wave sim-
ulation on an actual size CDRA was implemented to verify
the theoretical results. From the results of the simulations, we
conclude that: a) CDRA is an highly efficient and multimode
resonant device, which is a promising method to overcome
the narrow band and multiband issues existing in the design
of current OAM devices; b) only TE,,;s (m > 1), TM s
(m > 1)and hybrid modes can generate OAM waves, the
higher order electromagnetic mode is capable of generating
higher order OAM wave.
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