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Abstract— This paper presents a portable 3D-printed lens antenna fed by a standard rect-
angular waveguide at X-band for object classification. The proposed lens antenna can integrate
with the standard rectangular waveguide without any additional assistant tools. A high impact
polystyrene is used to design the 3D-printed hemispherical lens antenna by using the fused depo-
sition modelling technique. This additive manufacturing gives several advantages including rapid
prototyping, better cost and time effectiveness. Five lens radiuses, e.g., 20 mm, 30 mm, 40mm,
50mm, and 60mm, are investigated to increase the gain of the antenna. The optimum dielectric
tapered transition dimensions are simulated and obtained by using the 3D EM Simulation tool
CST Studio, resulting in the reflection coefficient (S11) of five lens antennas better than −10 dB
across the WR-90 band. From the simulation results, the lens radiuses of 20 mm, 30 mm, 40 mm,
50mm, and 60 mm, provide the average realized gain of 12.9 dBi, 15.2 dBi, 16.7 dBi, 17.7 dBi,
and 18.6 dBi, respectively. To confirm the antenna performances of the proposed design, two lens
radiuses, e.g., 20 mm and 30mm are selected to fabricate. The gains of the lens radius of 20 mm
and 30 mm are 12.1 dBi, and 14.2 dBi, respectively. The half-power beamwidth (HPBW) of lens
radius of 20 mm and 30mm are approximately 35◦ and 24◦, respectively. The proposed dielectric
lens antenna also offers other advantages, such as ease of design, low fabrication and material
cost, and ease of mount and un-mount with WR-90 waveguide flange. Moreover, the narrow
HPBW of lens antenna fed by standard waveguide can be applied to improve the resolution of
the imaging system.

1. INTRODUCTION

3D printing technology is an exciting research area, which has received much attention in re-
cent years. This technology allows 3D objects with optional configuration to be automatically
created layer by layer in a plug and play fashion. When comparing with conventional manufac-
turing technique, 3D printing offers several advantages, including the capability of more flexible
design, less prototyping time, cost reduction, and a faster product development cycle. The mi-
crowave,mm-wave and THz components have been fabricated using 3D printing techniques such
as antennas [1, 2], waveguides [3], and sensors [4, 5]. There are several techniques for fabricating
microwave, millimeter-wave and THz devices using 3D printing techniques such as fused deposition
modeling (FDM), digital-light-processing (DLP) and polymer jetting (PolyJet).

An FDM [6, 7] is the first 3D printing process that uses a continuous filament of a thermoplastic
material. This is fed from a spool, through a moving, heated printer extruder head. However, this
technique provides the lowest printing resolution and high surface roughness, as compared with the
other techniques. The DLP [8, 9] technique uses ultraviolet (UV) to create a pattern by selectively
curing a resin-based photopolymer. The resolution of this technique depends on UV light spot
size. Commonly, this technique can produce a printing resolution in each layer of approximately
25–100µm. The PolyJet technique is similar to inkjet printing, as its uses a nozzle head to droplet
liquid polymer onto a building platform and the liquid polymers are cured and 3D patterned by
UV light. This technique offers the finest printing resolution and printing accuracy. For creating
microwave, millimeter-wave and THz devices, the technique of 3D printing, which is used to create
the prototype, is considered because the printing resolution may affect to performance of printed
device in each application.



2

In this paper, a low-cost 3D printed dielectric lens antenna using the 3D FDM technique is
proposed, operating at X-band from 8.2 GHz–12.4 GHz, and directly fed by a standard WR-90
rectangular waveguide. The proposed dielectric lens antenna is designed by using basic hemispher-
ical structure. High-impact polystyrene (HIPS), a widely commercial photopolymer material that
has a free-space measurement property, is the investigated material and is selected to design the
hemispherical lens antenna. The taper transition is implemented to reduce impedance mismatch
between waveguide and lens antenna, resulting in a decreased reflection coefficient, S11. Five ra-
diuses of the lens antennas, e.g., 20 mm, 30 mm, 40 mm, 50 mm and 60 mm, are investigated to
monitor antenna performances, e.g., realized gain, and the half-power beamwidth (HPBW). To
prove the concept of the proposed lens antenna design, two lens radiuses are chosen and fabricated.
The maximum gain of the two lens radiuses of 20 mm and 30 mm are 14.1 dBi, and 15.5 dBi, respec-
tively. The operating bandwidth of both lens antennas is 40.8% (8.2 GHz–12.4 GHz). The HPBW
of two lens radiuses, e.g., 20mm and 30 mm, are approximately 35◦ and 24◦, respectively.

2. 3D-PRINTED LENS ANTENNA DESIGNS, FABRICATIONS AND INTEGRATIONS

2.1. 3D-Printed Lens Antenna Designs

The proposed hemispherical lens antenna, which fed by WR-90 rectangular waveguide, is designed
based on 3D FDM printing technique. The HIPS material is used to design the 3D-printed lens
antenna owing to its low cost and standard commercial material. The relative permittivity and loss
tangent of the HIPS material, which were investigated in [10], are 2.45 and 5.75×10−4, respectively.
Figure 1 shows the 3D perspective view of the 8.2–12.4 GHz lens antenna.

The geometry of the proposed lens antenna composed of two sections. The first section is part
for wave propagation of the antenna, which consists of the lens radius, R, and extension length of
the lens antenna, L. In this work, the lens radius and extension length of the hemispherical lens
antenna are fixed to ratio between the extension length and lens radius (L/R) of 1, which were
investigated in [11]. The second section of the proposed lens is taper transition, which composed of
chamfer angle, θ, taper height, TH , taper width, TW , and taper length, TL. The taper transition is
created to reduce impedance mismatch between the waveguide and lens antenna. The taper height,
TH , and taper width, TW , are 10.16mm and 22.96mm, respectively, which similar to the aperture
size of the WR-90 rectangular waveguide. The 3D EM Simulation tool CST Studio was used to
optimize the dielectric tapered transition dimensions, e.g., chamfer angle, θ, and taper length, TL,
resulting in the reflection coefficient, S11, of lens antennas better than −10 dB across the operating
band from 8.2–12.4 GHz. To study the performance of the lens antenna, five lens radiuses, e.g.,
R = 20 mm, R = 30 mm, R = 40, R = 50 mm, and R = 60 mm, are investigated. The simulated
realized gain of without lens and with five lens radiuses at the radiation direction of 0◦ were plotted
in Figure 2(a). The lens radius of 20 mm, 30mm, 40mm, 50mm, and 60 mm provide the average
realized gain of 12.9 dBi, 15.2 dBi, 16.7 dBi, 17.7 dBi, and 18.6 dBi, respectively. Figure 2(b) shows
the simulated radiation pattern at center operating frequency band (10.3 GHz) without and with
five lens radiuses. The calculated HPBW of five samples, e.g., R = 20 mm, R = 30 mm, R = 40,
R = 50mm, and R = 60mm, are approximately 35◦, 24◦, 19◦, 16◦, and 7◦, respectively. From
simulation results, the gain and the HPBW of the lens antenna can be selected from radius of lens
antenna. To prove the simulation result, two lens radiuses, e.g., 20mm and 30mm, are chosen and
fabricated. The necessary parameters of two lens antennas are listed in Table 1.

Table 1. The 3D-printed hemispherical lens antenna geometry of 20mm lens radius and 30mm lens radius.

Parameters Descriptions
Optimum value of lens

antenna of R = 20 mm

Optimum value of lens

antenna of R = 30 mm

R Radius of lens antenna 20 mm 30 mm

L Extension length of lens antenna 20 mm 30 mm

θ Chamfer angle of tapered transition 35 degree 40 degree

TL Taper length 10.16 mm 10.16 mm

2.2. 3D-Printed Lens Antenna Fabrications and Integration

The proposed lens antenna was fabricated by using the Zortrax M200 [12] featuring FDM manufac-
turing technique. The (HIPS), which the Zortrax recommends using for parts and models requiring



3

Figure 1. A 3D geometry of hemispherical lens antenna consists of a standard WR-90 rectangular waveguide
and 3D-printed lens antenna. Two important parameters, e.g., the lens radius, R, and the extension length
of hemispherical lens antenna, L, are used to design the proposed lens antenna.

(b)(a)

Figure 2. (a) The simulated realized gain of without lens and with five lens radiuses, e.g., 20 mm, 30 mm,
40mm, 50 mm and 60 mm, at the radiation direction of 0◦. (b) The simulated radiation pattern of without
lens and with five lens radiuses, e.g., 20 mm, 30 mm, 40 mm, 50 mm and 60mm, at the radiation direction of
0◦.

a smooth surface, was chosen as the material for fabricating the proposed lens antenna. The com-
pleted 3D models of the proposed lens antennas were exported from the 3D EM Simulation tool
CST Studio using the STL file format. The STL code from 3D EM Simulation tool was converted
to the Zortrax machine language (G-code) by using the Z-SUIT Zortrax dedicated slicing software
with the layer thickness set to 90µm, nozzle diameter 0.4 mm, and 100% infill density (solid object).
The total printing time of two lens radiuses, e.g., R = 20 mm and R = 30 mm was approximately
15 hours and 26 hours, respectively. Figures 3(a) and (b) show the fabricated lens antenna before
and after mounting with WR-90 waveguide to coax adapter, respectively.

3. MEASUREMENT RESULTS

A Rohde & Schwarz ZVB-20 vector network analyzer (VNA) was used with Through-Open-Short-
Match (TOSM) calibration to measure the reflection coefficient and radiation pattern of the two
fabricated lens antennas. The simulated and measured reflection coefficient, S11, and realized gain
at 0◦ of two lens antennas from 8.2–12.4 GHz are plotted in Figure 4. From the measurement results,
both lens antennas archive the reflection coefficient below 11 dB. The average gain of the lens radius
R = 20 mm and R = 30 mm for the whole WR-90 band are 12.1 dBi, and 14.2 dBi, respectively. To
measure the radiation pattern of the proposed lens antenna, a WR-90 horn antenna with average
gain of 15 dBi was used as the reference antenna. The DAMs Heavy-Duty Antenna Model-5100,
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(b)(a)

Figure 3. (a) Two fabricated lens antenna, e.g., R = 20 mm and R = 30 mm, with WR-90 waveguide to coax
adapter before integration, (b) the sample of lens antenna R = 30 mm was mounted to WR-90 waveguide to
coax adapter.

Figure 4. The simulated and measured of reflection coefficient, S11 and realized gain at 0◦ direction of the
two lens antennas.

(b)(a) (c)

Figure 5. The simulated and measured radiation pattern of lens antenna radius of 20 mm for (a) 8.2GHz,
(b) 10.3 GHz and (c) 12.4GHz.

a turntable for rotating the antenna under test (AUT), was connected with the Rohde & Schwarz
ZVB-20 VNA. The Antenna Measurement Studio Software [13] of Diamond Studio was used to
control and to collect the transmission coefficient, S21, between the reference antenna and the
AUT. The distance between the reference antenna and the AUT was set to 1 m, which is beyond
the calculated far-field distance at the highest frequency of the AUT. The AUT was automatically
rotated from 0◦ to 360◦ with a step of 1◦ by using DAMs Heavy-Duty Antenna Model-5100. The
radiation pattern of two lens antenna, e.g., R = 20 mm and R = 30 mm, at three frequencies,
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e.g., 8.2 GHz (low-band), 10.3 GHz (middle-band), and 12.4GHz (high-band), were measured and
plotted in Figure 5, and Figure 6, respectively. The measured results of both antennas show good
agreement when compared with simulation results. The measured HPBW of two lens antennas,
e.g., R = 20 mm and R = 30 mm, are approximately 35◦ and 24◦, respectively.

(b)(a) (c)

Figure 6. The simulated and measured radiation pattern of lens antenna radius of 30 mm for (a) 8.2GHz,
(b) 10.3 GHz and (c) 12.4GHz.

4. CONCLUSIONS

A portable 3D-printed hemispherical lens antenna, operating over the X-band has been reported.
The lens antenna was designed and fabricated by using an FDM printing technology with HIPS,
which is a commercial polymer material. Two proposed lens antennas, e.g., 20 mm and 30 mm, pro-
vide maximum gain at 0 degree of 14.1 dBi, and 15.5 dBi, respectively. The fractional bandwidth of
antenna is 40.8% (8.2 GHz–12.4 GHz). The lens antenna in this paper offers various key advantages
over any state-of-the-art, e.g., low-profile, ease of design and integration with WR-90 waveguide,
low-cost and low fabrication process. Moreover, the narrow HPBW of the proposed lens antenna
can be applied to improve the resolution in imaging applications.
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