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ABSTRACT:Rapid advancements in 3D printing technology have revolutionized antenna fabrication, allowing for the creation of intricate,
lightweight, and high-performance structures with exceptional precision. This paper presents the design, fabrication, and experimental
evaluation of a 3D-printed waveguide antenna operating in the X-band frequency range (8–11GHz). The antenna wasmanufactured using
Masked Stereolithography Apparatus (MSLA) technology with Magma X 12 K Dura ABS resin, which was selected for its excellent
mechanical strength and dielectric properties. A 0.2mm thick silver conductive coating was applied to enhance the electrical conductivity
and minimize the surface resistance. The proposed antenna is based on a WR-90 rectangular waveguide configuration with an optimized
aperture, which ensures minimal reflection loss and high radiation efficiency. Experimental results indicate an impedance bandwidth
of 1.34GHz, spanning from 8.56GHz to 9.9GHz, with an optimal resonant frequency at 9.45GHz. The measured and simulated S11

parameters exhibited strong agreement, validating effective impedance matching and minimal energy dissipation. Furthermore, radiation
pattern analysis revealed a directional gain of 6.85 dBi and an overall radiation efficiency of 98.35%. The measured 3 dB beamwidths
were 60.5◦ in theE-plane and 105.8◦ in theH-plane, confirming the suitability of the antenna for applications in satellite communication,
radar, and wireless sensing. The results demonstrate the viability of MSLA-based additive manufacturing for high-frequency waveguide
antennas, offering a cost-effective, lightweight, and high-performance alternative to the traditional fabrication techniques. This study
highlights the potential of 3D printing as an innovative approach for the development of next-generation microwave and millimeter-wave
communication systems.

1. INTRODUCTION

The rapid advancement in 3D printing technology and man-
ufacturing has revolutionized antenna design, enabling the

fabrication of complex and high-performance structures with
greater precision and efficiency [1]. This technology has led to
several advantages in aerospace, defense, satellite communica-
tion, and radar systems due to their lightweight, fast prototyp-
ing and cost-effectiveness [2, 3]. Traditional antenna manufac-
turing methods often involve complex machining and assem-
bly [4–6], whereas 3D printing allows for seamless integration
of intricate geometries, dielectric materials, and conformal de-
signs. One of the key advantages of 3D printing in antenna de-
sign is its ability to create intricate and lightweight structures.
This is particularly important in applications where weight and

* Corresponding author: Huda Abdul Majid (mhuda@uthm.edu.my).

size are critical, such as the aerospace and automotive sectors.
3D printing allows for the creation of complex shapes and ge-
ometries that can optimize antenna performance, leading to im-
proved radiation patterns, gain, and efficiency [7].
Over the past few years, 3D printing has been used for the

design and fabrication of antennas. Hamdalla et al. designed a
low-profile wideband metasurface antenna for high-power ap-
plications [8]. An N-type-to-waveguide transition was used to
excite the metasurfaces, and a 4 × 4 array of unit cells was
integrated into a 3D-printed waveguide. The internal faces of
the waveguide were covered with copper tape to minimize the
weight. Experimental testing demonstrated functionality from
2.1GHz to 3.6GHz (52.6% bandwidth), with a peak gain of
8.5 dBi. The high-power handling capability of the antenna
suggests its suitability for radar applications and Unmanned
Aerial Vehicle (UAV) communication. Ghosh and Harack-
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iewicz fabricated a low-profile strip-based helical antenna us-
ing 3D printing technology [9]. The fabricated antenna was
constructed with two independent conductive elements, achiev-
ing a wide impedance bandwidth of 99%, maximum gain of
9.40 dBi, and beamwidth of approximately 60◦. Researchers
have leveraged the flexibility of 3D printing to create a non-
planar helical structure, which is typically challenging to fab-
ricate using traditional methods because of the precise align-
ment and spacing required between conductive elements, es-
pecially in the strip form. These antennas were printed using
Polylactic Acid (PLA) material. Yamoun & Aknin introduced
a 3D-printed ring dielectric resonator antenna constructed us-
ing Acrylonitrile Butadiene Styrene (ABS) filament [10]. The
antenna exhibits two resonant frequencies at 23.5GHz and
26.4GHz, with respective gains of 9.5 dB and 10.5 dB, achiev-
ing a wide bandwidth of 42.4%. The authors leveraged 3D
printing technology to fabricate the ring Dielectric Resonator
Antenna (DRA), taking advantage of the ease of fabrication and
ability to create complex antenna shapes. The choice of print-
ing material or filament is crucial in 3D-printed antenna design
because it directly affects the antenna’s material characteristics,
such as the dielectric constant, loss tangent, and structural in-
tegrity. For instance, materials such as Acrylonitrile Butadi-
ene Styrene are favored for their durability, temperature resis-
tance, and low tangent loss, whereas Polylactic Acid offers ease
of printing, but may exhibit higher losses [9, 10]. The mate-
rial properties influence the antenna bandwidth, gain, and ef-
ficiency, making material selection a critical design considera-
tion.
Furthermore, the most commonly used and cost-effective

processes are Fused Deposition Modeling (FDM) and stere-
olithography apparatus (SLA) [11–13]. SLA is generally su-
perior to FDM in terms of precision, surface quality, and ma-
terial properties, making it the preferred choice for applica-
tions that require high accuracy and fine details [14]. SLA
uses an ultraviolet (UV) light source, which is then selectively
masked with an LCD screen to cure the liquid resin layer by
layer, achieving significantly higher resolution and smoother
surfaces than FDM, which extrudes thermoplastic filaments
layer by layer, often resulting in visible layer lines and lower
detail accuracy [15]. Although FDM is more affordable and
easier to use, its lower precision and surface finish make it un-
suitable for antenna design applications. SLA, which uses UV
light to cure liquid resin layer-by-layer, offers superior resolu-
tion and smoother surfaces, making it the preferred choice for
intricate antenna designs [16, 17]. An advanced variation of
SLA, Masked Stereolithography Apparatus (MSLA), utilizes
an LCD screen to selectively mask UV light and cure entire
layers simultaneously [18]. This approach offers faster and
more precise fabrication than traditional SLA and Digital Light
Processing (DLP) techniques [19]. The MSLA can produce
smooth, geometrically intricate structures, making it particu-
larly well suited for X-band waveguide antennas by minimiz-
ing the surface roughness and optimizing the electromagnetic
performance [1]. Moreover, their improved fabrication effi-
ciency and material versatility further reinforce their suitability
for high-frequency applications.

This study focuses on the design, fabrication, and perfor-
mance evaluation of a 3D-printed X-band waveguide antenna
(8–11GHz) utilizing MSLA technology with Magma X 12 K
Dura ABS resin, which was selected for its superior mechanical
strength and dielectric stability. A 0.2mm silver coating was
applied to enhance the conductivity and minimize the surface
resistance. The design of the WR-90 waveguide was optimized
for minimal loss and high radiation efficiency. Experimen-
tal validation, supported by simulations, demonstrated strong
impedance matching, high gain, and excellent radiation effi-
ciency, thereby confirming the feasibility ofMSLA-based addi-
tivemanufacturing for high-frequency applications. The results
highlight the potential of 3D printing as a scalable, lightweight,
and cost-effective alternative to conventional antenna fabrica-
tion methods, with promising applications in satellite commu-
nication, radar, UAV systems, and wireless sensing.

2. ANTENNA DESIGN AND FABRICATION
A schematic of the proposed 3D-printed waveguide antenna,
suitable for operation within the X-band frequency range (8–
11GHz), is shown in Figure 1. The height of the waveguide
antenna was 14.10mm, width of the base was 26.80mm, and
length of the structure was 60.03mm. Internally, within the
aperture of the guide, there is a vertical aperture of 10.10mm
and a horizontal slot of 22.80mm, which allows proper prop-
agation of electromagnetic waves and impedance matching in
the X-band [20].
The structural configurations and design features of the fab-

ricated 3D-printed waveguide antennas with different orienta-
tions are shown in Figure 2. The classification, measurement,
and feeding techniques used in the design were combined as
shown in Figures 2(a), (b), and (c). They depict the waveguide
feed port along with the output matching section and aperture,
which focuses in a specific direction for electromagnetic en-
ergy radiation. The taper at the aperture, as illustrated in Fig-
ure 2(c), is specifically designed to provide impedance match-
ing between the waveguide and free space, thereby minimiz-
ing reflection and maximizing the efficiency of power transfer
from the antenna. This gradual transition in geometry helps to
smooth the impedance variation seen by the propagating wave,
ensuring a broader operational bandwidth. The exact dimen-
sions and proportions of the antenna can be preserved during the
3D printing process, making this technology useful for the fab-
rication of lightweight and high-functioning antennas [21, 22].
The precise dimensions of the coaxial-to-waveguide transi-

tion that optimally couples the electromagnetic (EM) signal on
the coaxial feed to the waveguide structure are shown in Fig-
ure 3. The stepped ridge transformer was designed to facilitate
low insertion loss and impedance matching with a 50Ω coax-
ial connector [23]. The number of ridge steps is three, with
each element having an optimized length of one quarter of the
guide wavelength. The inner conductor of the coaxial line ex-
tends axially into the waveguide and connects to the final ridge.
The height of each ridge is optimized to get the best matching
impedance. The stepped ridge transformer converts the trans-
verse electromagnetic (TEM) mode of the coaxial connector to
the TE10 dominant mode. Furthermore, the WR-90 waveguide
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(a)

(b)

FIGURE 1. Dimension (a) side view and (b) top view of the 3D printed waveguide antenna.

(a) (b) (c)

FIGURE 2. Perspective view of the 3D printed waveguide antenna (a) end-cap, (b) top, (c) base of the waveguide.

FIGURE 3. Dimension of the stepped ridge transformer (coaxial to
waveguide transition).

with standard dimension of 22.8mm×10.1mm operates in the
X-band 8 to 11GHz frequency range.
A 3D-printed waveguide antenna, developed according to

the design parameters, is shown in Figure 4. The antenna is
designed in the form of a rectangular waveguide with standard
measurements of a WR-90 waveguide with an overall length of
50mm, width of 22.8mm, and height of 10.1mm [24]. In addi-
tion, the aperture dimensions were optimized to yield high ra-
diation efficiency and low reflection losses. The antenna com-
ponents were 3D printed to achieve complex and specific de-

tails while maintaining a low weight [25]. The used 3D printer
was Elegoo Saturn 2. Elegoo Saturn 2 is an MSLA resin 3D
printer featuring a 7680 × 4320 resolution, delivering 28.5-
micron XY precision for highly detailed prints. MSLA pho-
tocuring is a 3D printing technique that uses UV light to harden
a photopolymer resin into a 3D shape. MSLA technology en-
ables faster and more precise fabrication than the traditional
SLA and DLP methods. For this purpose, the Magma X 12
K Dura ABS resin was selected because of its outstanding me-
chanical strength, thermal stability, and favourable dielectric
properties, making it highly suitable for high-frequency an-
tenna applications. Its low dielectric loss and high durability
are essential for preserving the signal integrity and minimizing
propagation losses. Additionally, its fine resolution ensures a
smooth surface finish, reduces scattering losses, and enhances
overall antenna performance. The combination ofMSLA print-
ing technology and high-performance resin allows the fabrica-
tion of intricate, high-precision antenna structures while main-
taining cost-effectiveness, making it a promising approach for
advanced waveguide antenna applications.
To enhance the conductivity and decrease the surface resis-

tance, approximately 0.2mm thick silver conductive surface
coatings were coated on the surface of the 3D printed struc-
ture. These coatings significantly reduced propagation losses.
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FIGURE 4. Fabricated proposed antenna.

TABLE 1. Error margin of the dimension between fabricated and sim-
ulated antenna.

Parameters Dimension Error Margin %

Aperture height 3.8

Aperture width 1.1

Wall thickness 5.0

Stepped ridge height 1.5

Stepped ridge thickness 6.7

Stepped ridge length 0.4

The antenna is equipped with a coaxial-to-waveguide transi-
tion, which allows impedance matching between the waveg-
uide and 50Ω coaxial feed. The fabricated antenna yielded
superior radiation characteristics with specific and directional
patterns, making it suitable for wireless sensing, satellite com-
munication, and radar [26]. Additive manufacturing (3D print-
ing) with a conductive coating was validated, along with de-
sign feasibility, which provides a budget-friendly, lightweight,
and high-functioning solution for X-band frequency applica-
tions. Furthermore, the dimensions of the fabricated antenna
were measured using a digital vernier calliper. The dimensional
discrepancies between the fabricated and simulated antennas
are presented in Table 1. The listed dimensions represent the
most critical parameters influencing the antenna’s resonant fre-
quency and impedance matching. The higher margin of error
observed is primarily attributed to the thickness of the silver
conductive surface coating applied during fabrication.

3. SIMULATION AND RESULT
The simulated and measured reflection coefficients of the pro-
posed antenna in the frequency range are shown in Figure 5.
The assessment of the calculated and obtained S11 results from
the measurements within the X-band frequency range shows
that the results are in excellent agreement with one another and
that the deviation is nominal. The slight shifts between the sim-
ulated and actual results were due to environmental conditions
during testing, which corroborates the accuracy and quality of
the fabrication process [27]. The proposed antennas were found

FIGURE 5. Comparison between simulated and measured reflection
coefficients, S11.

to exhibit good return loss (S11 is less than −10 dB), which is
expected in the wide band. The measured impedance band-
width is 1.34GHz, while the lower bound is at a frequency
of 8.56GHz and the upper bound at a frequency of 9.9GHz.
The impedance bandwidth error margin between the simulated
and measured results is only 1.47%. A resonant frequency of
9.45GHz was found to be optimal for impedance matching,
such that energy transfer was effective; outflow was minimal;
and the overall performance was optimal.
The 3D radiation pattern in Figure 6 verifies that the antenna

functions as a directional antenna with a gain of 6.85 dBi. The
significance of these results is that they prove the efficiency
of the proposed methodology and its feasibility for the design
of high-performance antennas for X-band applications. In this
case, the antenna demonstrated a simulated total radiation effi-
ciency of −0.072 dB which was approximately 98.35%.
Figures 7 and 8 show polar plots of simulated and measured

2D radiation patterns captured in the E and H planes, respec-
tively, for the waveguide antenna in the 9.45GHz band. The
E-plane is the yz-plane (refer to axis in Figure 6), while the
H-plane, shows the radiation pattern in the xy-plane. The mea-
sured radiation pattern is shown by a black solid line, whereas

FIGURE 6. 3D radiation pattern of the proposed antenna at 9.45GHz.
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FIGURE 7. Simulated and measured radiation patterns in E-plane at
9.45GHz.

FIGURE 8. Simulated and measured radiation patterns in H-plane at
9.45GHz.

TABLE 2. Comparison with other related works.

References Size (mm) Bandwidth Gain Radiation Efficiency
SLM 3D-Printed Horn Antenna for

Satellite Communications at X-band [29]
247.79× 100× 100 7.5–11.5GHz 18 dB -

Use of 3D Printing for Horn
Antenna Manufacturing [30]

100× 20× 40 8 to 11.3GHz 11.5 dBi -

3D print X-band horn antenna for
ground-based SAR application [31]

60× 40× 40 8 to 10.5GHz 15.3 dBi > 90%

Proposed Antenna 60× 10× 30 8.56 to 9.9GHz 6.85 dBi 98.35%

the simulated pattern is represented by a red dashed line. The
patterns exhibited strong agreement, thereby demonstrating the
accuracy of the design and simulation models. Meanwhile, the
measured data exhibited some distortion and fluctuation ow-
ing to the environmental reflection [28]. The E- andH-planes
ensure that the antenna radiation pattern is properly captured.
In the E-plane, the antenna 3 dB half-power beamwidth was
60.5◦, whereas in theH-plane, the 3 dB half-power beamwidth
was 105.8◦. The projected data show that the proposed 3D-
printed waveguide antenna achieves good directional radiation,
and the numerically simulated results agree with physical mea-
surements. Table 2 shows the comparison with other related
works. The proposed antenna offers notable advantages in
terms of compact size and high radiation efficiency. Measur-
ing just 60× 10× 30mm, it is significantly smaller than other
compared designs, making it ideal for compact and portable
applications. It operates within the X-band (8.56–9.9GHz)
and achieves a high radiation efficiency of 98.35%, the high-
est among all listed antennas. Although its gain (6.85 dBi) is
lower, this is a reasonable trade-off considering its small form
factor and exceptional efficiency.

4. CONCLUSION
This study successfully demonstrates the design, fabrication,
and performance evaluation of a 3D-printed waveguide antenna
tailored for X-band (8–11GHz) applications. The fabricated
antenna exhibits excellent mechanical strength, dielectric sta-
bility, and structural precision when employingMSLA technol-
ogy with Magma X 12 K Dura ABS resin. The application of
a 0.2mm silver conductive coating significantly enhanced the
electrical conductivity, minimized propagation losses, and en-
sured optimal electromagnetic performance. The experimental
results validate the effectiveness of the antenna with ameasured
impedance bandwidth of 1.34GHz (8.56GHz–9.9GHz) and an
optimal resonant frequency of 9.45GHz. The close correlation
between the simulated and measured S11 parameters confirms
effective impedance matching with minimal insertion loss. Ad-
ditionally, the antenna achieves a directional gain of 6.85 dBi
and an impressive radiation efficiency of 98.35%, reinforcing
its suitability for high-frequency applications. The well-formed
radiation pattern, characterized by 3 dB beamwidths of 60.5◦
in the E-plane and 105.8◦ in the H-plane, ensured efficient
energy transmission. These findings highlight the potential
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of MSLA-based additive manufacturing for high-performance,
advanced microwave applications. Compared to conventional
fabrication techniques, 3D printing offers remarkable advan-
tages, including design flexibility, rapid prototyping, material
efficiency, and reduced weight, without compromising struc-
tural integrity. These results pave the way for the widespread
adoption of 3D-printed antennas in satellite communication,
radars, UAV systems, and wireless sensing applications. For
satellite communication and radar applications, specific design
considerations such as structural ruggedness, integration with
phased array systems, and low-profile or conformal geome-
tries should be addressed. Although the MSLA technology
with Dura ABS resin showed promising mechanical and dielec-
tric properties, the study was confined to this specific material
and printing method. Exploring alternative 3D printing materi-
als, including those with higher temperature stability, may fur-
ther improve antenna performance and usage for industry and
outdoor applications. Additionally, while the application of a
silver conductive coating enhanced conductivity and reduced
propagation losses, other types of conductive coatings or met-
allization techniques could be investigated for better efficiency,
ease of application, and long-term durability. In summary, fur-
ther work involvingmaterial exploration and alternative surface
treatments is recommended to advance the development of 3D-
printed antennas for high-frequency and mission-critical appli-
cations such as in satellite communication and radar system.
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