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Abstract: In this work, we present a method for designing a dielectric lens with a reduced height
that is easily printed with one-take 3D printing. For the first time, we prove that the configuration
of a printout made of resin material can be modified for effective permittivity variation and apply
the technique to a lens antenna design. The lens is printed with SLA printing and mounted on top
of a conventional patch antenna, resulting in a 6.87 dB directivity improvement. The height of the
proposed lens is reduced by about 15% compared to the reference lens design. The final proposed
lens antenna operates at 5.8 GHz, with a height and diameter of 1.35 λ and 1.35 λ, respectively.
A prototype was built, and all of the computed expectations from the full-wave electromagnetic
simulations in this work were verified experimentally.

Keywords: dielectric lens antenna; 3D printing technology; radiation performance improvement;
effective dielectric constant; ring resonator

1. Introduction

Three-dimensional (3D) printing technology has been widely utilized in engineering
production due to its properties of rapid prototyping, being lightweight, low cost, etc.
This trend is also true for antenna engineering, not only for the stated reasons but also
for its ability to shape any 3D form in space. Three-dimensional printing enables the
realization of complex structures for effective radiation at a relatively lower cost and a
lighter weight. Examples include small antennas, waveguide antennas, horn antennas,
and slotted antennas, to mention only a few [1–5]. So-called 3D printed antennas are
generally prototyped in the following steps. First, the antenna structure, whether it is a
wire, planar, or waveguide, is printed with plastic-based materials, such as (acrylonitrile
butadiene styrene) ABS or poly-powder. The printed plastic is then plated with metallic
spray, polycrystalline copper sputtering, or chemical plating. In many studies, it has been
found that the electrical conductivity of the antenna after the subsequent plating process
nearly approaches that of bulk metals [2,5–7].

Although the speedy production time for a prototype is an advantage of 3D printed
antennas [6–12], the plating process is still the most challenging and time-consuming part
of 3D printing technology-based antenna fabrication. This is because selective plating
requires a pre- and post-process of wrapping the printed plastics. In addition, realizing a
uniform coated metal surface with acceptable roughness is a sophisticated work. It would
not be a big issue for low-frequency applications as long as a metal layer thicker than
the skin depth is formed [13], but may affect antenna performance in high frequencies,
such as mmWave or even higher ones [14–16]. In this case, additional chemical processes
for better roughness may be carried out, and conductivity can be reduced, resulting in
degraded antenna efficiency [17,18]. Metallic 3D printing based on selective laser sintering
methods can be attempted but they cannot meet the high conductivity desired for electrical
engineering, as the technology is evolving to focus on rigidity or stiffness.
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Among the topics of 3D printed antennas, dielectric lens antennas for improved
directivity are certainly free from plating difficulties. Furthermore, the resolution of the
current 3D printing technology level is precise enough for millimeter-scale lens printing.
Therefore, 3D printing technology is being intensively used in lens antenna designs, even
at mmWave and THz frequencies, regardless of its electrical size [19–34]. For example,
in [19], the lens is composed of cube units, with each edge length ranging from 0.1 mm to
2 mm. The dielectric constant of the lens can be adjusted with different cube sizes. In [27],
a comb-like dielectric lens configuration was implemented with 0.6 mm spacing of the 3D
printed parts. A circular polarizer was achieved with a 3D printed dielectric lens in [29],
with 1 mm spacing of the 3D printed parts.

A basic working principle of a dielectric lens antenna is to passively manipulate the
spherical wave emitted by the source radiator into a planar wave by the shape of the solid
lens [19]. When the lens is composed of a single permittivity material, however, it can
be long, as the distance from excitation to each area of the spherical lens for the in-phase
wavefront is different [31–33]. In other words, the lens height can be reduced by controlling
the phase velocity of each wavefront independently. This can be realized when a lens is
composed of more than a single permittivity [19,27–29]. However, a single lens composed
of multiple materials requires a complex fabrication process.

Therefore, in this paper we propose realizing different effective dielectric constants
at the lens by changing each area of the lens structure. The final lens design is found to
have a reduced height when compared to the reference lens with a single permittivity. A
circular microstrip patch antenna is used to excite the 3D printed lens in every evolution
of the design. The transmission coefficient of a two-port ring resonator is used to check
the dielectric constant of the lens parts, and it is consequently verified with a dielectric
constant measurement. The design procedure and the working mechanism of the proposed
lens structure are explained by numerical calculation results using ANSYS HFSS. The
prototype is fabricated, and the computed expectations from the full-wave EM simulations
are verified experimentally.

2. Lens Antenna: Reference and Reduced Height Designs
2.1. Reference Lens Antenna Design (Model 1)

Throughout the work in this paper, a microstrip circular patch antenna is used as a
radiator. As a dielectric lens structure is to be mounted on top of the circular patch, the size
of the patch is chosen in consideration of the dielectric constant of the lens. The diameter of
the circular patch is 18.6 mm on top of the 30 mm × 30 mm ground. It is fed with a coaxial
feeding, 3 mm away from the center, as shown in Figure 1a. RT/duroid 5880 (εr = 2.2) with
a 0.79 mm thickness is used as a substrate. The simulated results of the stand-alone patch
antenna without a lens are shown in Figure 1c,d with solid lines. The antenna resonates at
6.12 GHz, with a directivity of 7.73 dBi.

For the lens design, we choose a dielectric constant (εr) of 2.5, the relative permittivity
of resin commonly used for stereolithography apparatus (SLA) 3D printing. The high-
resolution SLA 3D printing method provides a smoother and less porous surface, as it forms
a structure by focusing an ultraviolet laser onto a vat of photopolymer resin, while fused
deposition modeling (FDM) uses fine powder from many kinds of materials. Although resin
might have a higher dielectric loss than ABS, we use resin to take advantage of its smoother
and less porous surface printing characteristics. The designed reference lens is divided
into three sections. The first and second sections are cylinders with widths and heights of
30 mm and 25 mm, and 70 mm and 22 mm, respectively. The third section is a hemisphere
with a radius of 35 mm. The first section is designed to deliver waves consistently to the
second section while providing a proper impedance matching characteristic, as shown in
Figure 1c. The second section configures a larger width for beam focusing, and the third
section transforms a spherical wave into a plane wave for a directive beam. Through this
configuration, a mushroom-shaped lens is formed, and its total height is 82 mm, or 1.585 λ

at 5.8 GHz. The ratio of the height to the diameter is 1.14, as a means of increasing the
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aperture efficiency of the lens [35]. The simulated results are plotted with dashed lines in
Figure 1c,d. As shown in Figure 1c, the reference lens antenna operates at 5.8 GHz. The
simulated radiation pattern at 5.8 GHz in the elevation plane (i.e., θ is swept when φ = 0◦)
is shown in Figure 1d. The directivity of the reference dielectric lens antenna is 14.6 dBi,
which is 6.9 dB higher than that of the circular patch antenna. The next step is to reduce the
lens height while maintaining its radiation performance.
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diation pattern barely changes at the resonant frequency as shown by Figure 3b. However, 

Figure 1. Reference lens antenna simulation. (a) Reference patch antenna. (b) Reference lens antenna
(model 1). (c) Reflection coefficient. (d) θ-sweep radiation pattern (φ = 0◦). The design parameters
are W = 30, L = 30, D = 18.6, W1 = 70, H1 = 25, H2 = 22, and H3 = 35. All units are in millimeters.

2.2. Reduction of Lens Height (Model 2)

Intensive studies have been carried out to lower the height of the lens [28,29]. In [28],
the height was reduced without degrading the antenna performance through the air cavity
in the radiator part while maintaining the thickness of the lens wall for structural stability.
In [29], the lens height was reduced by setting the gap from the antenna source to the lens
and the air slab by considering the phase velocity of the radiated waves passing through
each area of the lens sections. In this work, we design the dielectric constant of the first
cylinder (Section 1) in contact with the radiating patch, as shown in Figure 2c in light green,
which is lower than 2.5, with

vp =
1
√

µε
, (1)

such that the phase velocity is increased. As the phase velocity increases, the height of
the dielectric lens can be reduced because a wavefront can reach the same position even
through a shorter path, or via a reduced height. Thus, the reduced height cylinder yields
the same performance as the reference lens [36]. The skirt part, Section 2, marked in light
green, is also farther from the excited patch than the gray part of Section 2, as shown
in Figure 2c. Therefore, as shown in Figure 2b, when the dielectric constant of the skirt
portion is lowered, the height of the lens can be reduced. The overall height of the lens
can be reduced this way by assigning a lower dielectric constant of the lens sections, as
they are farther away from the excitation [19,28,29]. We carry out parametric studies on
the dielectric constant (εr1) of the light green section of model 2. The dielectric constant of
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the other parts is fixed as εr2 = 2.5. The results are shown in Figure 3. As can be seen in
Figure 3a, the resonant frequency is naturally shifted downward with a higher value of
εr1. The radiation pattern barely changes at the resonant frequency as shown by Figure 3b.
However, as can be seen from Figure 3c, the front-to-back ratio is higher by 1 to 3 dB at
each resonance when εr1 is 2. Therefore, the dielectric constant of the light green section in
model 2 is chosen as 2, with an operating frequency of 5.8 GHz.
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Figure 2. Dielectric lens antenna (model 2) simulation. (a) Simulation model. (b) Perspective view
of the lens (disintegrated). (c) Side view of the lens (disintegrated). (d) Reflection coefficient. (e) θ-
sweep radiation pattern (φ = 0◦). The design parameters are H4 = 20, and H5 = 15. All units are
in millimeters.
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Figure 3. Parametric study of the dielectric constant (εr1) of the light green section. (a) Reflection
coefficient. (b) θ-sweep radiation pattern (φ = 0◦). (c) Front-to-back ratio.

Using this design strategy, the final lens design of model 2 is H4 = 20 mm, H5 = 15 mm,
and εr1 = 2, and εr2 = 2.5. The total height of the lens is reduced to 70 mm, 1.353 λ at the
same resonance frequency of 5.8 GHz (see Figure 2d). The simulated radiation pattern
is very similar to that of the reference design, as shown in Figure 2e. The directivity of
model 2 is 14.5 dBi, which is about the same directivity of the reference lens antenna.

2.3. Reduced Height Lens Design with a Single 3D Printing Material (Model 3)

In this section, we show that different effective dielectric constant values from the
same printing material can be achieved by perforating holes in the printed body and
applying the technique to the lens design of model 2. Although the dielectric lens of
model 2 shows a radiation performance close to the reference design of model 1 with a
15% reduced height, it consists of two dielectric constant values. If two other materials
are used during actual production with a 3D printer, the fabrication complexity should
increase, and the expected performance would change due to the non-negligible dielectric
effect of an adhesive attaching the other printed bodies. The overall fabrication time must
also increase.

We use a ring resonator method [37–42] when adjusting the dielectric constant of bulk
printed material, as shown in Figure 4. When compared with the frequency response of
a reference value of 2.5 (the dielectric constant of printed resin) for the dielectric cylinder
(Figure 4a), the effective dielectric constant of a material made of the same material but with
holes inside should change [37,43]. The dielectric constant of the material under test can be
inferred in this way. From the black dash-dot line in Figure 4d, we can see that the ring
resonator resonates at 5.6 GHz when the printed cylindrical resin with a dielectric constant
of 2.5 is placed on top of the ring resonator. The cylinder is 30 mm in diameter and 15 mm
in height, large enough to cover the ring resonator. We also see that the resonator resonates
at 5.74 GHz (as shown in Figure 4, marked by a blue dashed line), when a cylinder with
a dielectric constant of 2 in Figure 4b is placed. Based on this, a change in the resonant
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frequency can be checked when a perforated sample is placed on top of the ring resonator,
as shown in Figure 4c. If its resonance frequency is found to be close to the sample dielectric
constant of 2, it can be said that the structure is designed with an appropriate number
of holes and size to have a dielectric constant close to 2. In Figure 4d,e, we conduct a
parametric study on the transmission coefficient according to the size and number of the
holes. The cubical hole dimension is depicted in Figure 4c. In Figure 4d, the transmission
coefficients according to the hole size are given with the fixed number of holes of 208. It is
clearly observed that the resonance of the transmission coefficient is shifted upward with
a larger R of the holes, and it is closest to the reference when R is 2 mm. In Figure 4e, the
transmission coefficient with the number of the holes is plotted, with R = 2 mm. We can see
that the graph approaches the reference when the number of holes is 208. In other words, a
larger hole will reduce the portion filled with resin and the effective dielectric constant will
be reduced. By the same token, a smaller hole will bring the effective dielectric constant
closer to 2.5. As shown by the red solid lines in Figure 4d,e, the resonant frequency is well
matched with the case of bulk material with a dielectric constant of 2 (see the blue dashed
line), when the cubical hole size is 2 × 2 × 2 [mm3] with a total number of 208 holes that
are made down into the center of the cylinder.

Before applying the configuration of Figure 4c to the lens design, we verify the com-
puted expectations as shown in Figure 4 experimentally. The cylindrical sample is printed
with the SLA 3D printer Formlabs Inc., Form 3, as shown in the photos in Figure 5a. The
material properties are measured using the dielectric constant and loss tangent measure-
ment system from KEYCOM [44]. As shown in Figure 5b, the measured material properties
are found to be εr = 2.32 and tanδ = 0.0804 for the reference, and εr = 2.15 and tanδ = 0.0686
for the proposed perforated block. Both are measured at 5.8 GHz. They deviated slightly
from the simulation setup of 2.5 but are within the acceptable measurement error range.

The part with a dielectric constant of 2 in the model 2 lens design can be replaced
by this configuration, made of a single resin (εr = 2.5). While maintaining the size of the
model 2 lens design, we replace sections #1 and #2 in Figure 2b,c with perforated structures,
as shown in Figure 6a,b. Note again that all the to-be-printed blocks of the lens in the
proposed design in Figure 6 require only the same material as the resin. This enables
the 3D printing process to be carried out using a single material, and the effectiveness
of 3D printing technology for lens design can be maximized through one-take printing.
The electrical properties of the lens antennas, including the reference, model 2, and the
proposed model 3, are compared in Figures 6 and 7. As shown in Figure 6c,d, the three
designs of the lens antenna operate at the same target frequency and show very similar
radiation patterns. The directivity of the proposed lens antenna model 3 is 14.6 dBi, and its
simulated gain is 9.82 dBi with a radiation efficiency of 31%. The low radiation efficiency
is mainly due to the poor loss characteristic of the resin used. However, the gain is still
acceptable compared to the electrical size of the lens, as shall be seen from Table 1. The
operating bandwidth is 2.4% with a –10 dB criterion. Figure 7 shows the electric field
distribution at 5.8 GHz, and Figure 8 shows Poynting’s vector distribution at 5.8 GHz. In
Figures 7a and 8a, for the reference design, the radiated spherical wave is manipulated into
the plane wave by the lens structure. Consequently, we see that such a transformation is
observed in the reduced propagation path in Figures 7b and 8b for model 2, and a similar
distribution is observed in Figures 7c and 8c for model 3. Thus, it is proved that a similar
radiation performance can be maintained at the reduced lens height, and such reduced
height can be realized using a single printing material.
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Figure 4. Ring resonator simulation. (a) Setup with a sample of εr = 2.5. (b) Setup with a sample
of εr = 2. (c) Setup with a sample of εr = 2.5 with holes. (d) Transmission coefficient according to R.
(e) Transmission coefficient according to the number of holes.
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Table 1. Comparison table of the lens antenna. All the values are from the measurement. The
wavelength for the dimension is calculated at the center frequency.

Reference Operating Frequency
[GHz] Largest Dimension [λ] Gain [dBi] FOM

[19] 5.4–8.2 1.8 12.1 6.72

[25] 8–12 2 12.58 6.29

[27] 14–20 2.71 11.2 4.13

[30]
26.6–29.4 3 15.6 5.2
27.6–29 1.5 12.1 8.07

This work 5.8 1.4 10.12 7.23
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3. Experimental Validation

The microstrip circular patch antenna is manufactured using a conventional etching
process on the Rogers RT/duroid 5880 substrate (εr = 2.2), with a thickness of 0.79 mm,
as shown in Figure 9a. The proposed lens is printed using Form 3 from Formlabs Inc.,
with the resin material RL-F2-GPCL-04 and the printing resolution of 100 µm. Its photo is
shown in Figure 9b. The reflection coefficient is measured with the Anritsu MS46522B, and
its impedance is matched from 5.75 GHz to 5.92 GHz with the –10 dB criterion, as shown
in Figure 9c. The measured value is slightly broader, meaning that the built prototype
is slightly lossy compared to the computed expectation. A little higher loss could occur
from the printed lens and the fabrication tolerance that the lens and the patch are not
perfectly attached. Nevertheless, the measurement agrees sufficiently with the simulation.
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Figure 9d shows the simulated and measured radiation patterns in the elevation plane.
The radiation pattern is measured in an anechoic chamber, and it agrees well with the
simulation. The measured gain of the proposed lens antenna is 10.12 dBi, which is very
close to the simulated value of 9.82 dBi. Therefore, we prove that resin can be used for a 3D
printed lens design, and furthermore, it can be used even more efficiently with one-take 3D
printing when a proper modification is implemented.
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Figure 9. Fabrication of the proposed lens antenna. (a) Microstrip patch antenna. (b) Proposed
dielectric lens antenna. (c) Reflection coefficient. (d) θ-sweep radiation pattern (φ = 0◦).

Lastly, in Table 1, the performance of the proposed lens is compared with previously
reported lens antenna designs in terms of the dimension and measured gain. We set a
figure-of-merit (FOM) to be a gain value over the largest electrical dimension of the lens.
The proposed design occupies the smallest dimension with an acceptable level of the FOM.
Note that the 3DP lenses in the table are all made via a one-take 3D printing process.

4. Conclusions

In this paper, we showed that one-take 3D printing is available for a resin-based lens
antenna design while achieving a reduced lens height. The directivity of the final lens
antenna design increased by 6.87 dB compared to the conventional microstrip circular
patch antenna. When compared with the reference lens antenna, the height was reduced by
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15%. The lens height was first reduced by a combination of sections of different dielectric
materials; then, this reduction becomes available with proper perforation of the dielectric
lens with a single material that can be printed with one-take 3D SLA printing. During the
modification of the lens with perforations, the effective dielectric constant was identified
with ring resonator response simulations. The dielectric properties of the proposed lens
configuration were experimentally checked with a dielectric constant measurement system.

The working mechanism of the lens was analyzed and explained using full-wave
EM simulations. A prototype was built, and all computed expectations were verified
experimentally. Although the loss of the resin material might be higher than that of other
3DP ABS filaments, resin can be more efficiently used at higher frequencies, as it can
provide a smoother and less porous printout. This work has proved that permittivity
values can be adjusted with structure shaping, and such a technique is expected to be useful
in 3DP antenna designs.
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23. Belen, A.; Güneş, F.; Mahouti, P.; Palandöken, M. A novel design of high performance multilayered cylindrical dielectric lens
antenna using 3D printing technology. Int. J. RF Microw. Comput. Eng. 2019, 30, e21988. [CrossRef]

24. Konstantinidis, K.; Feresidis, A.P.; Constantinou, C.C.; Hoare, E.; Gashinova, M.; Lancaster, M.J.; Gardner, P. Low-THz dielectric
lens antenna with integrated waveguide feed. IEEE Trans. THz Sci. Technol. 2017, 7, 572–581. [CrossRef]
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