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A hemispherical dielectric resonator antenna (DRA) generating two orbital angular momentum

(OAM) states of l¼þ1 and �1 is studied theoretically and experimentally. The DRA is fed with

two orthogonal signals, exciting two degenerate higher-order TE221 modes that generate the two

OAM states. It was simulated with full-wave simulation software to verify the design method. A pro-

totype operating in the microwave band (5.8 GHz) was fabricated and measured. Its S-parameters,

intensity profile, and phase pattern are simulated, and the results are compared with measurements.

Also, its far-field radiation pattern, realized antenna gain, and total antenna efficiency are shown for a

complete study of the antenna. Published by AIP Publishing. https://doi.org/10.1063/1.5021951

A frequency spectrum is an important resource that has

been continuously utilized, from the radio and the microwave

band to the optical band. Today, radio wireless communica-

tion is extensively used in our daily life. Various characteris-

tics of electromagnetic (EM) waves, such as wavelength,

amplitude, and polarization, have already been fully exploited.

Since the radio spectrum resource is limited, new characteris-

tics of electromagnetic waves have been explored to increase

the communication capacity for a given carrier frequency. In

this context, orbital angular momentum (OAM) has been

developed1–3 to meet the growing need of communication

capacity. In 1992, Allen et al. presented a Laguerre-Gaussian

distribution of the laser with an OAM of l�h per photon, where

l and �h are the OAM state index and Planck’s constant,

respectively.1 Because OAM waves with different state

indexes are orthogonal to one another, they have been widely

used in different areas such as quantum communication,4,5

astronomy,6,7 wireless communication,8–13 and optical fiber

communication.14 With the wide applications of OAM, gener-

ating and detecting OAM states has become an emerging

topic. In the high frequency band of the EM spectrum, such as

terahertz and optical bands, the spiral phase plate15,16 is the

earliest and most widely used method for the generation of

OAM states and it also has been introduced to obtain electrons

and acoustic carrying OAM.17,18 Metasurfaces, based on the

principle of phase discontinuity in the azimuthal direction,

have also been used to generate OAM waves.19,20 Other meth-

ods of generating OAM waves include computer-generated

holograms,21 antenna arrays,22 whispering gallery mode reso-

nators,23 and traveling wave loop antennas.24,25 Recently, the

higher-order mode of a microstrip antenna26 has been used to

generate an OAM state with a state index of l¼�1. Other

OAM antennas designed using their higher-order modes have

also been reported.27,28

Over the last two decades, dielectric resonator antennas

(DRAs) have received much attention due to a number of

advantages such as their wide operation bandwidth, low loss,

and ease of integration.30–34 Recently, DRAs have been used

in optical devices such as meta-mirror35,36 and meta-lens.37

Since DRAs are made of dielectric, they have no metallic

loss and therefore give a higher efficiency than that of OAM

patch antennas. Also, as compared with OAM patch anten-

nas, they generally have a lower radiation Q-factor and, thus,

provide a wider impedance bandwidth. In this paper, a hemi-

spherical DRA generating two OAM waves of l¼61 is

investigated. The design makes use of the higher-order

TE221 mode of the DRA to generate the two OAM states.

ANSYS simulation package High Frequency Structure

Simulator (HFSS) was used to simulate and optimize the

design, and a prototype was fabricated and measured to ver-

ify the simulation. The phase pattern and field intensity pro-

file, along with the far-field radiation pattern, were measured

and will be given in this paper. Other antenna characteristics

such as the impedance matching, antenna gain, and radiation

efficiency will also be given. It should be mentioned that

although the hemispherical DRA is operated in the micro-

wave band (5.8 GHz), its design can be easily extended to

millimeter-wave and terahertz bands.

A hemispherical DRA has transverse electric (TE) and

transverse magnetic (TM) modes, which have no radial electric

field (Er¼ 0) and no radial magnetic field (Hr¼ 0), respectively.

Only TEmnl modes are considered in this paper, with the first,

second, and third indexes denoting field variations in the azi-

muthal (u), elevation (h), and radial (r) directions, respectively.

Figure 1 shows the antenna configuration. With reference to Fig.

1(a), the DRA is excited by two slots that are angularly dis-

placed from each other by an angle of a ¼ (i þ 1/2)p/m, where i
is an integer. When only one slot is excited, the conventional

conical E-field components of the TEmnl mode (m, n 6¼ 1) can

be written as Eh(r, h, u) ¼ An(h, r)cos(mu) and Eu(r, h,
u)¼Bn(h, r)cos(mu), where An and Bn are the functions of h
and r only. However, when the two slots are excited in phase

quadrature with an equal amplitude, two degenerate TEmnl

modes with an angular displacement of a can be excited simul-

taneously. This can be done by feeding the two slots with a

hybrid coupler, as shown in Fig. 1(b). In this case, the total radi-

ated E-field components can be obtained by superimposing the

fields of these two degenerate modes, i.e., Eh
total¼Eh(r, h,

u)þ jEh(r, h, uþ a) and Eu
total¼Eu(r, h, u) þ jEu(r, h,

a)Author to whom correspondence should be addressed: eekleung@cityu.

edu.hk
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uþ a), where j¼
ffiffiffiffiffiffiffi

�1
p

. Expressing the field components in the

Cartesian coordinates, we have Ex ¼Cn(h, r)e6j(m �1)u and Ey

¼Dn(h, r)e6j(m �1)u with OAM state indexes of l¼6(m� 1),
where Cn and Dn are the functions of h and r only. The sign of

l is determined by the phase difference between the two feeding

signals at slots 1 and 2; l¼þ1 when the phase at slot 2 is higher

than that at slot 1 by 90�, whereas l¼�1 when the phase at slot

2 is lower than that at slot 1 by 90�. Figure 1(c) shows the proto-

type designed at 5.8 GHz for verifying the theory.

The resonant TE111, TE221, and TE331 modes of the

DRA are used to explain the theory. Since l¼6(m� 1), the

OAM states of l¼ 0, 61, and 62 can be obtained by using

the first, second, and third resonant modes of the DRA,

respectively. For the TE111 mode (l¼ 0), its simulated inter-

nal H-field, instantaneous amplitude of the radiated E-field,

and instantaneous phase of Ex are shown in Figs. 2(a), 2(b),

and 2(c), respectively. With reference to Fig. 2(a), the simu-

lated H-field is of a dipole type, verifying that the DRA is

excited in its TE111 mode. As can be observed from Figs.

2(b) and 2(c), the instantaneous amplitude and phase of the

radiated field do not exhibit any helical variations, showing

that the excited TE111 mode is not an OAM state, i.e., l¼ 0.

Figures 3(a) and 4(a) show the simulated quadrupole and

sextupole H-fields of the TE221 (l¼þ1) and TE331 (l¼þ2)

modes, respectively, verifying the excitations of the modes.

With reference to Figs. 3(b) and 3(c), this OAM state of

l¼þ1 has one helical arm for each of its field amplitude and

phase, as expected. An additional helical arm is found in

Figs. 4(b) and 4(c) for l¼þ2, which is also expected for a

higher-order OAM state. For simplicity, only the results for

positive l are given here.

To verify the theory, the hemispherical DRA in Fig. 1

was fabricated and measured. The dielectric body has a

radius of r1 ¼ 13.5 mm, and the detailed dimensions of the

antenna can be found in Fig. 1. The DRA is made of a

Steatite-based composite material, with a dielectric constant

of er¼ 7 and a loss tangent lower than 0.002. The OAM

states of l¼þ1 and�1 can be generated when Ports 1 and 2

are excited, respectively. The two feed slots have dimensions

of 10� 0.86 mm2. Figure 5 shows the simulated and mea-

sured S-parameters of the DRA. In Fig. 5(a), jS11j and jS22j
indicate the impedance matching performance of the

antenna. With reference to the figure, reasonable agreement

between the measured and simulated results is observed. At

the operating frequency of 5.8 GHz, both jS11j and jS22j are

lower than �30 dB, meaning that the matching is very good

at both ports 1 and 2. jS12j and jS21j in Fig. 5(b) represent the

mutual coupling between ports 1 and 2. As can be observed

from the figure, the mutual coupling is very weak, being

lower than�20 dB. It can be found that for the 5.8 GHz

industrial band (5.725–5.825 GHz), the antenna has a band-

width of 5.22% (5.6–5.9 GHz) for jS11j, jS22j<�10 dB and

jS21j, jS12j <�10 dB.

Using the near-field scanning system provided by

Nearfield Systems Inc. (NSI), the phased pattern and power

density of the hemispherical DRA were measured. The field

FIG. 1. Configuration of the hemispheri-

cal OAM DRA. (a) Top view of the

hemispherical DRA. (b) Feed network

on the other side of the grounded

substrate: r1¼ 13.5 mm, l1¼ 9.67 mm,

l2¼ 12.3 mm, wf ¼ 1.94 mm, and

rg¼ 48 mm. (c) Prototype of the antenna.

FIG. 2. Simulated results of the TE111 mode (OAM state of l¼ 0). (a)

Simulated internal H-field at z¼ 1 mm. (b) Simulated instantaneous ampli-

tude of the radiated E-field. (c) Simulated instantaneous phase of Ex. The

results in (b) and (c) are observed over a circular window with a radius of

105 mm (�2k0 at 5.8 GHz) at z¼ 50 mm (�k0 at 5.8 GHz), where k0 is the

wavelength in air.

FIG. 3. Simulated results of the TE221 mode (OAM state of l¼þ1). (a)

Simulated internal H-field at z¼ 1 mm. (b) Simulated instantaneous ampli-

tude of the radiated E-field. (c) Simulated instantaneous phase of Ex. The

results in (b) and (c) are observed over a circular window with a radius of

105 mm (�2k0 at 5.8 GHz) at z¼ 50 mm (�k0 at 5.8 GHz), where k0 is the

wavelength in air.
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was scanned over a rectangular area of 400� 400 mm2

(�8� 8k0
2) at a distance of 200 mm (�4k0) from the

antenna. Figure 6 shows the simulated and measured inten-

sity profile and phase pattern for the l¼þ1 state. With refer-

ence to the figure, the null of the simulated intensity profile

is not sharp due to the influence of higher-order DRA modes.

For the phase pattern, both the measured and simulated

results have an anti-clockwise helical arm, verifying that it is

the OAM state of l¼þ1. Figure 7 shows the measured and

simulated results for the l¼�1 state. The results are similar

to those of the l¼þ1 state except that a clockwise helical

arm is observed for the phase. As the phase patterns of the x-

and y-components are similar to each other, only the phase

pattern of Ex is shown here.

To evaluate the OAM bandwidth of the antenna, the

intensity profile and phase pattern were simulated at 5.6 GHz

and 5.9 GHz, which are the lowest and highest frequencies of

the impedance passband (jS11j, jS22j<�10 dB and jS12j,
jS21j<�10 dB). The results are given in Figs. S1 and S2 of

the supplementary material. With reference to the figure, a

null power can be observed at the center of the intensity pro-

files at 5.6 GHz and 5.9 GHz. Also, the helical phase patterns

exhibit the anti-clockwise and clockwise spiral arms for the

l¼þ1 and l¼�1 OAM states, respectively. The results

show that a normal OAM operation can be maintained across

the entire impedance passband.

The far-field radiation patterns of the antenna were mea-

sured using a Satimo measurement system, as shown in Fig.

S3 in the supplementary material. Figure 8 shows the mea-

sured and simulated normalized 3D radiation patterns of the

l¼þ1 state. As can be observed from the figure, a null point

is found in the direction of wave propagation (z-axis). The

measured maximum radiation is found at h¼ 40�. The nor-

malized 3D radiation pattern of the l¼�1 state was also

measured and simulated. Similar results were obtained and

are therefore not included here for brevity. Figure 9 shows

the measured and simulated realized antenna gains with

impedance mismatch included. With reference to the figure,

reasonable agreement between the measured and simulated

results is observed. The peak measured realized gains of

Ports 1 and 2 are given by 5.8 dBi and 5.4 dBi, respectively,

with the small difference caused by experimental tolerances.

FIG. 5. Simulated and measured S-parameters of the hemispherical DRA.

(a) jS11j and jS22j. (b) jS21j and jS12j.

FIG. 6. Simulated and measured field characteristics for the l¼þ1 state. (a)

Simulated intensity profile of the total E-field. (b) Measured intensity profile

of the total E-field. (c) Simulated Ex phase distribution. (d) Measured Ex

phase distribution. In all these results, the observation window is located at a

distance of z¼ 200 mm (4k0) above the antenna.

FIG. 7. Simulated and measured field characteristics for the l¼�1 state. (a)

Simulated intensity profile of the total E-field. (b) Measured intensity profile

of the total E-field. (c) Simulated Ex phase distribution. (d) Measured Ex

phase distribution. In all these results, the observation window is located at a

distance of z¼ 200 mm (4k0) above the antenna.

FIG. 4. Simulated results of the TE331 mode (OAM state of l¼þ2). (a)

Simulated internal H-field at z¼ 1 mm. (b) Simulated instantaneous ampli-

tude of the radiated E-field. (c) Simulated instantaneous phase of Ex. The

results in (b) and (c) are observed over a circular window with a radius of

105 mm (�2k0 at 5.8 GHz) at z¼ 50 mm (�k0 at 5.8 GHz), where k0 is the

wavelength in air.
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The total antenna efficiencies of the two ports were also

measured. It was found that the efficiencies are higher than

80% with the maximum value of as high as 89%.

Table I compares our OAM DRA with previous OAM

antennas.25,26,29 With reference to the table, the bandwidth

of our OAM DRA is much wider than those of the previous

designs. Moreover, the efficiency of the OAM DRA is higher

than those of the OAM patch antennas.

In summary, an OAM antenna designed with a hemi-

spherical DRA has been investigated. By using a hybrid cou-

pler, two degenerate higher-order TE221 modes have been

excited to obtain two OAM states of l¼þ1 and l¼�1

simultaneously. The OAM antenna was designed at 5.8 GHz

to demonstrate the idea. A prototype was fabricated and

tested to verify the simulations. The measured and simulated

phase patterns and intensity profiles of the antenna have

been shown, confirming that the antenna can simultaneously

generate two OAM waves with l¼61. The far-field radia-

tion pattern, antenna gain, and total radiation efficiency of

the antenna have also been presented. It has been found that

the antenna has a measured operation bandwidth of 5.22%, a

peak realized antenna gain of 5.4 dBi, and a peak total effi-

ciency of 89%. Finally, it should be mentioned that the

design can be easily extended to millimeter-wave or THz

frequencies.

See supplementary material for the simulated intensity

profiles and phase distributions at 5.6 GHz and 5.9 GHz. The

setup of the Satimo antenna measurement system is also

shown.
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