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ABSTRACT: A directional circularly polarized dielectric resonator antenna for different main-beam angles is designed using the Particle
Swarm Optimization (PSO) method. It is a single-feed, single-layer structure. For demonstration, the main-beam angle θ is designed at
30◦ and a 5G frequency of 5.8GHz. To verify our design, a prototype is fabricated using 3D-printing technology. Its reflection coefficient,
radiation pattern, realized gain, and the total antenna efficiency are measured. Measured results show good agreement with simulated
ones. The prototype has a−10 dB impedance bandwidth of 37.24% (4.84–7GHz), a 3-dB axial ratio bandwidth of 15.52% (5.3–6.2GHz),
a peak gain of 5.87 dBi, and a peak total antenna efficiency of 96%. It has a low profile of 0.2λ0, where λ0 is the free-space wavelength
at 5.8GHz.

1. INTRODUCTION

Dielectric resonator (DR) antenna (DRA) has received much
attention over the past decades since the seminal work by

Long et al. [1]. Its inherent advantages, including compact
size, high radiation efficiency, wide bandwidth, and ease of
excitation, make it a strong candidate for 5G communication
systems [2–5]. As a three-dimensional structure, DRA offers
greater design flexibility than one- or two-dimensional anten-
nas. This flexibility has led to numerous geometric innovations
aimed at enhancing antenna performance.
Compared with linearly polarized (LP) antennas, circularly

polarized (CP) antennas provide better signal stability and re-
duce multi-path interference [5]. In general, CP DRA de-
signs [6–14] can be divided into two categories: multi- and
single-feed configurations. Multi-feed techniques typically
achieve wider axial ratio (AR) bandwidths, but require external
hybrid couplers or power dividers, increasing system complex-
ity, size, and insertion loss. In contrast, single-feed approaches
(achieved by modifying the DR shape, adjusting the feeding
structure, or introducing parasitic elements) offer simpler, more
compact designs with lower loss, although the AR bandwidth is
usually less than 10%. Various strategies have been proposed
to overcome this limitation. They include the use of multiple
DRs [13], excitation of higher-order modes [7], application of
traveling-wave excitation sources [8], and incorporation of di-
electric vias [14].
Directional CP antennas are useful for certain applications,

such as satellite communication [15], indoor base stations [16],
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fixed wireless access systems [17], and ISM-band IoT appli-
cations [18]. However, CP antennas radiating at a specific
angle often suffer from narrow axial ratio (AR) bandwidths,
e.g., [19, 20]. The flexibility of DRs can help solve this issue.
By adjusting the shape and materials of a DR, a wider AR band-
width can be achieved using a simple, low-loss feeding method.
For example, a DRA design in [21] obtains a 43.7% bandwidth
with a broadside radiation pattern. This superiority of DRA has
not been used in tilted-angle antenna design.
In this paper, we present a directional CP DRA design

method allowing a specified radiation angle with a consider-
able bandwidth. For demonstration, a compact, single-feed 3D-
printed CP DRA with a main beam tilted at 30◦ is designed at
a 5G frequency of 5.8GHz. The DRA is segmented into 7 con-
centric rings. Each ring has 16 angular sectors, forming a total
of 112 dielectric blocks. To assist our design, the particle swarm
optimization (PSO) is used. As an evolutionary algorithm, PSO
is a popular method in facilitating antenna designs [22–24]. As
concluded in [23], PSO is recognized for its fast convergence
and minimal parameter tuning requirements.
Using the PSO method, an irregular structure is synthesized

by optimizing the height and dielectric constant of each block.
To validate the design, a prototype is fabricated using 3D-
printing technology. Measurements of the prototype confirm
that its main beam is directed at 27◦, closely matching the
desired angle. The fabricated antenna exhibits a low profile
(0.2λ0 at 5.8GHz), a wide AR bandwidth of 15.52% (5.3GHz–
6.2GHz), stable gain performance, a peak gain of 5.87 dBi, and
a peak total efficiency of 96%.
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FIGURE 1. Configuration of the 3D-printed irregular DRA.

2. ANTENNA DESIGN

2.1. Antenna Configuration
Figure 1 shows the configuration of our irregular 3D-printed CP
DRA obtained via the PSO algorithm. As can be observed from
this figure, the structure consists of multiple DR blocks, each
with different effective dielectric constants and heights. In this
design, two materials with dielectric constants of 5 and 12 are
utilized. Table 1 shows the physical properties of these two 3D-
printingmaterials. With reference to the table, the twomaterials
have an εr tolerance of ±0.1 and ±0.5, with loss tangent of
0.0036 and 0.0029, respectively. Different effective dielectric
constants are obtained through varying air-filling ratios of the
materials [25]. The DRA is excited by a central coaxial probe
with a length of l. It is mounted on a circular aluminum ground
plane.
We simulated the antenna using the dielectric properties in

Table 1, assuming that they are frequency-stable. To evaluate
the effect of potential deviations on the dielectric constant, we
performed a sensitivity analysis by considering three cases: (i)
normal case (εr1 = 5, εr2 = 12), (ii) extremely low case (εr1 =
4.9, εr2 = 11.5), and (iii) extremely high case (εr1 = 5.1,
εr2 = 12.5). In all these cases, εr1 and εr2 are the dielectric
constants of our two 3D-printing materials.

TABLE 1. Physical properties of two 3D-printing materials.

εr Tolerance of εr Loss tangent
5 ±0.1 0.0036
12 ±0.5 0.0029

As shown in Figs. 2(a)–2(c), the dielectric constant variation
leads to a slight frequency shift (≤ 0.1GHz). More impor-
tantly, the radiation patterns shown in Fig. 2(d) remain stable
across all cases. It should be mentioned that extreme cases are
rare. The material tolerances and fabrication errors are not crit-
ical in the antenna design.

2.2. Antenna Optimization
The antenna originates from a large solid dielectric cylinder, as
shown in Fig. 3. The dielectric cylinder is divided into 7 con-
centric layers, with each layer further partitioned into 16 angu-
lar sections, resulting in a total of 7 × 16 = 112 DR blocks.
This segmentation scheme ensures the freedom and flexibility
of the design while maintaining the optimization efficiency. To
obtain the desired main beam, the antenna is optimized by ad-
justing the height (h) and dielectric constant (εr) of each DR
block. In doing the optimization, h is an integer ranging from
0mm to 10mm, whereas εr is selected from (1, 2.5, 4, 5.5, 7,
8.5, 10), i.e., from 1 to 10 with an interval of 1.5.
Since there are as many as 112 dielectric blocks, manual

adjustment is impractical. Therefore, a PSO algorithm is de-
ployed. Fig. 4 shows the antenna design process using PSO.
It begins with the initialization of block height h and di-
electric constant εr within predefined constraints, i.e., h ∈
{0, 1, 2, . . . 10mm} and εr ∈ {1, 2.5, 4, 5.5, 7, 8.5, 10}. The
PSO used 10 particles with a maximum of 100 iterations. Its in-
ertia weightω, cognitive coefficient c1, and social coefficient c2
are set as 0.8, 0.1, and 0.5, respectively. Each set of generated
antenna parameters was simulated in High Frequency Structure
Simulator (HFSS). Three performance metrics, reflection coef-
ficient (S11), radiation pattern (RP), and AR, are evaluated by
their respective cost functions— costS11 , costRP , and costAR.
The total cost is formulated as follows:

cost = costS11
+ 0.5 costRP + costAR (1)

where

costS11
=

∥∥max (0, Sin-band
11 − (−10)

)∥∥
2

(2)

costRP =
∣∣∣θ̂0 − θ0

∣∣∣
+ ∥max (0, Gco(θ, φ)−Gupper(θ, φ))∥1
+ ∥max (0, Glower(θ, φ)−Gco(θ, φ))∥1
+max (0, 15−min (Gco(θ, φ)−Gcr(θ, φ))) (3)

costAR =
∥∥max (0, ARin-band − 3

)∥∥
2

(4)
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(a) (b)

(c) (d)

FIGURE 2. Comparison between the normal case and the two extreme cases. (a) Reflection coefficient. (b) AR. (c) Realized gain. (d) Radiation
pattern.

(a)

(b)

FIGURE 3. Structure of the initial cylindrical DRA. (a) Top view: Rd = 35mm, wd = 5mm (d = 1, 2, . . . , 7). (b) Front view: l = 6.5mm,
h ∈ {0, 1, 2, . . . , 10mm}, 2r = 1.27mm, t = 2mm, Rg = 44mm.
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FIGURE 4. Design process.

FIGURE 5. Convergence results of three optimization trials.

The weighting ratio in (1) was determined experimentally
to balance the different scales of each metric. In (2), the
term Sin-band

11 denotes the reflection coefficient within the tar-
geted frequency band. Since the desired operating frequency is
5.8GHz, the targeted frequency band is extended from 5.4 to
6.2GHz. For (3), θ̂0 and θ0 denote the current and objective
main-beam angles, respectively, whereas Gco and Gcr are the
co- and cross-polar radiation patterns at 5.8GHz, respectively.
The main-beam angle θmb covers [θ0 − 30◦, θ0 + 30◦], and
the back-lobe angle θbl covers [θ0 +150◦, θ0 +210◦]. Finally,
ARin-band in (4) refers to the AR values across the targeted
frequency band. Theoretically, a smaller angular resolution,
which controls the elevation angle step size, can improve op-
timization accuracy at the cost of increasing computation time.
Since this study aims to demonstrate the design idea, a large
angular resolution of 10◦ was used to reduce the computation
time. As a result, the solution has a tolerance of±10◦. This cost

is used to guide the PSO process, which iteratively updates the
parameters in search of a global minimum. The process con-
tinues until the convergence is achieved, where the optimal an-
tenna configuration is obtained and output.
Three optimization trials with different randomly initialized

parameters were conducted to avoid local optima. Fig. 5 shows
their convergence results. With reference to the figure, the cost
values stabilize at around 12 in all cases. It desirably indi-
cates consistent optimization performance and robustness of the
method. The best antenna structure was chosen from these op-
timized solutions.
Figure 6 shows the optimized solid DRA structure. As illus-

trated in the figure, both the height and dielectric constant show
noticeable variations across the dielectric blocks. Since h is al-
lowed to be 0mm, some blocks entirely disappear. The various
optimized dielectric constants given in the figure are realized
using different air-filling ratios as discussed in [25].

3. MEASURED AND SIMULATED RESULTS
The prototype was printed using a Creator Pro 2 3D-printer. For
ease of assembly, a thin dielectric layer having a thickness of
0.3mm and a radius of 38mm was printed beneath the DRA.
It took approximately 3 hours 50 minutes to print the prototype
in Fig. 7.
Figure 8 shows the simulated and measured radiation pat-

terns of the prototype at 5.8GHz. Fig. 8(a) shows the simu-
lated 3D radiation pattern, whereas Fig. 8(b) shows the simu-
lated and measured radiation patterns in the x-z plane. Rea-
sonable agreement between the measured and simulated results
is observed. With reference to the figure, the measured radia-
tion pattern shows reduced leakage in the broadside direction
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FIGURE 6. Structure of the optimized solid DRA.
FIGURE 7. 3D-printed prototype of the DRA.

(a) (b)

FIGURE 8. Radiation pattern at 5.8GHz. (a) Simulated 3D radiation pattern; (b) Simulated and measured radiation pattern in the x-z plane (azimuth
angle φ = 00 plane).

as compared with the simulation. This difference may result
from slightly increased asymmetries due to fabrication errors
and additional loss in the feeding probe. While this reduces the
cross-polarization, it also leads to a narrower beamwidth than
the simulation. As shown in the figure, the measured main-
beam direction is along 27◦, which is close to the designed
value of 30◦. This angle deviation is within the tolerance of
±10◦. At the main beam angle, the measured co-polar field is
stronger than the cross-polar field by 18 dB, showing that the
DRA has a good polarization purity.
Figure 9 shows theE-field distribution of the designed DRA

at 5.8GHz. To explain the CP mechanism, the E-field is dis-
played at two key phases: 0◦ and 90◦. At these two phases,
the strongest E-field locations are spatially shifted, showing a
90◦ phase difference. This phase shift and spatial rotation of
the E-field generate a CP wave and enable the beam to tilt in
the desired direction.
Figure 10 shows the simulated and measured reflection co-

efficients of the DRA prototype. It was measured using an

N5230A vector network analyzer. With reference to the figure,
the measured result agrees reasonably well with the simulated
one, validating the research idea. The antenna exhibits a good
impedance match across the frequency band of concern. It can
be found from the figure that the measured −10 dB bandwidth
is 37.2%. It is much wider than that of the simulated counter-
part due to fabrication errors and experimental imperfections.
For example, loss in the connectors and coaxial cable can de-
crease the overall Q-factor and hence, increase the bandwidth.
Also, the fabricated dimension error has inevitably affected the
impedance matching level.
Far-field radiation characteristics were measured using a

Satimo StarLab system. Fig. 11 shows the simulated and mea-
sured ARs. With reference to this figure, the simulated and
measured ARs are 2.18 dB and 1.51 dB at 5.8GHz, respec-
tively. It can be observed from the figure that the measured AR
bandwidth (15.52%) is much wider than the simulated counter-
part, which is consistent with impedance bandwidth results.
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(a) (b)

FIGURE 9. E-field in the designed DRA at 5.8GHz. (a) Phase= 0◦. (b) Phase= 90◦.

FIGURE 10. Simulated andmeasured reflection coefficients of the DRA. FIGURE 11. Simulated and measured ARs of the DRA.

Figure 12 shows the simulated and measured antenna gains.
As seen in the figure, the simulated and measured results are
in reasonable agreement. The measured gain is slightly higher
than the simulated values from 5.8 to 6.0GHz. This is not sur-
prising because the measured reflection coefficient in Fig. 10
indicates a better impedance match in this frequency range.
Across the overlapping passband of impedance and AR (5.3–
6.2GHz), the measured realized gain varies between 5.08 and
6.3 dBic.
Figure 13 shows the measured total antenna efficiency. As

can be observed from the figure, the antenna has an average
measured result of 91.6% over the overlapping passband (5.3–
6.2GHz), with a peak total antenna efficiency reaching up to
96%.
To further illustrate the superiority of our design, Table 2

compares our antenna and the state-of-the-art tilted-beam an-
tennas. Our antenna is the only DRA among the tilted-angle
antennas in the table. Compared to the existing tilted-beam
CP antennas, this work achieves the widest overlapped band-
width (15.52%) of AR and impedance at a tilting angle of 30◦,

while maintaining a compact, single-feed structure. The same
design method can produce antennas with different radiation
directions. Our antenna maintains very high total efficiency
(91.6% on average and 96% at peak), indicating minimal opti-
mization loss. These advantages make it suitable for broadband
CP applications requiring simple hardware and wide coverage,
such as vehicular ISM-band communications and fixedwireless
access terminals.

4. STUDY ON THE TILTED ANGLE LIMITATION
Theoretically, antennas with different tilting angles can be de-
signed by optimizing the height and dielectric constant of the
112 DR blocks. To investigate the structure limitation, a DRA
with a large tilting angle of 90◦ was optimized. Fig. 14 shows
the results in 60 rounds of PSO iterations. Fig. 14(a) presents
the solid structure of the designed 90◦ DRA. Fig. 14(b) shows
the radiation pattern in the x-z plane. With reference to this
figure, the main beam is tilted at 70◦, which deviates 20◦ from
the intended 90◦. This represents the best achievable result. In
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FIGURE 12. Simulated and measured gains of the DRA. FIGURE 13. Measured total antenna efficiency of the 3D-printed DRA.

(a)

(b)

(c) (d)

FIGURE 14. Design of the 90◦ tilted-beamDRA. (a) Antenna structure. (b) Simulated radiation pattern at the designed plane at 5.8GHz. (c) Simulated
reflection coefficient. (d) Simulated AR.

other words, a 90◦ main-beam angle is practically unrealizable.
The limitation arises from two factors. First, the ground plane
confines radiation to the upper hemisphere (z > 0). Second,
the block segmentation (7×16) and the availability of dielectric

constants (εr = 1–10) restrict the aperture field synthesis. The
3D-printed dielectric-block structure acts as a radiating aper-
ture. Its main beam angle θ0 is related to the progressive phase
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TABLE 2. Comparison between our designed antenna and other works.

Ref. Overlap bandwidth Design angle Peak gain (dBic) Efficiency Dimension Single-feed
[15] 6.19% 30◦ 8.0 81% 0.98λ0 × 1.44λ0 × 0.38λ0 Yes
[26] 12.0% 25◦ 6.97 91% R0.22λ0 × 0.07λ0 Yes
[27] 7.5% 46◦ 10.5 ∼ 97% 3.65λ0 × 2.11λ0 × 0.62λ0 Yes
[28] 10.0% ∼ 30◦ 8.1 83% 0.82λ0 × 1.225λ0 × 0.034λ0 No
[18] 11.57% 30◦ 8.73 96% 0.73λ0 × 1.19λ0 × 0.07λ0 Yes

This work 15.52% 30◦ 6.3 91.6% (96%) R0.85λ0 × 0.23λ0 Yes

shift∆φ across the effective aperture, expressed as

k0sin(θ0) = ∆φ/d (5)

where k0 = 2π/λ is the free-space wavenumber, and d is the
effective spacing between adjacent radiating elements (i.e., the
dielectric blocks). To have tilt angles close to 90◦, a large pro-
gressive phase shift ∆φ will be required. However, due to the
constraint of size and material, this configuration has a practi-
cal limit of about 70◦. Figs. 14(c) and 14(d) show the S11 and
AR, respectively. As can be observed from the figure, the 90◦
antenna meets the impedance matching and AR requirements
at 5.8GHz although it has a limited bandwidth.

5. CONCLUSION
In this paper, a directional CP DRA allowing a specified radi-
ation angle design has been designed using the PSO method.
To demonstrate the idea, a single-feed, low-profile prototype
with a main beam angle at 30◦ has been 3D-printed. The struc-
ture consists of 112 dielectric blocks, each optimized for height
and dielectric constant to form an irregular configuration that
enables directional CP radiation.
Measured results have shown a −10 dB impedance band-

width of 37.2%, a 3-dB AR bandwidth of 15.52%, a peak gain
of 5.87 dBic, and peak total efficiency of 96%. The measured
main beam is directed at 27◦, closely matching the target an-
gle. These measured results have successfully verified the ef-
fectiveness of the PSO-based optimization and the feasibility
of the 3D-printed implementation.
Comparedwith other reported CP antennaswith tilted beams,

this work achieves a wider AR bandwidth while maintaining a
compact single-feed structure. The proposed approach is ver-
satile, allowing future extensions to other beam tilting angles
or multi-beam designs. With its simplified feeding mechanism,
high efficiency, and robust directionality, this antenna is well-
suited for practical applications such as vehicular ISM-band
communication, indoor base stations, and fixed wireless access
systems, where beam tilting and circular polarization are re-
quired.
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