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Abstract: This paper presents a novel design of a wideband high-gain resonant cavity antenna (RCA) for millimetre and
submillimetre wave bands, and its fabrication using additive manufacturing. The proposed RCA antenna consists of a partially
reflecting surface and three impedance matching layers fed by a waveguide. Additive manufacturing (AM) techniques are
utilized to fabricate the design operating at 30 GHz. Two fabrication techniques are assessed for printing the antenna. The
first technique is based on printing a dielectric material and fully coating the parts with a metallic layer, while the second
technique involves printing the parts in a single process using metal 3D printing. The first technique offers a lightweight
solution while the second technique can print the whole model in one run. The antenna design is investigated by both
simulations and experiments. The measured results show an 3dB gain bandwidth of about 10%, and high gain over 15 dBi
for all the three resulting antennas. Good agreement between simulation and measurement is obtained. The antenna has a
low cost and achieved good performance in terms of wide bandwidth and high gain, thus it is potentially useful for high-
speed wireless communications at millimetre-wave and sub-millimetre-wave frequencies.

1. Introduction

The increased interest in millimetre and terahertz
waves has led to the continuous development of many novel
devices operating from millimetre-wave (mmW) to THz
frequencies for a wide range of applications including non-
invasive imaging, hazardous material detection, remote
sensing, and radio astronomy [1], [2]. For wireless
communications, the short wavelengths of mmw (1-10 mm)
and THz (30 mm-1 um) enable the transmission of vast
amounts of data at high data rates [3], [4]. Thus, mmW and
THz bands can be exploited to meet the capacity and latency
goals of the next generation wireless links. As the key
components of wireless systems, antennas at mmw and THz
regimes still need further development [5], [6]. There are a
number of challenges to be tackled, such as the fabrication of
fine features, repeatable dimensional tolerance, surface
roughness, and fabrication costs. Traditionally, lenses, horns,
and parabolic antennas are used because of their excellent and
stable performance [7]. Manufacturing of the aforementioned
antennas typically requires computerized numerically
controlled (CNC) milling. Alternative antenna fabrication
techniques at mmW and THz bands have yet to be thoroughly
explored.

Previously, microwave wideband antennas have been
widely investigated [8]-[14]. These designs all require printed
circuit board (PCB) fabrication technique. To push towards
higher frequencies, accurately etching the small features of
the slots, feedlines, notches, etc. is a major limiting factor for
the antenna performance. Resonant cavity antennas (RCAS)
can be a solution to the design of mmW and THz antenna.
Basically, an RCA consists of a radiator with a ground plane
in front of a partially reflecting surface (PRS). The broadside

gain of the simple radiator can be significantly increased
when the reflection amplitude of the PRS is maximized, and
the spacing (between the PRS and the ground plane) is
optimized to form in-phase wave transmission through the
PRS superstrate. Depending on the design of the superstrate
layer, the gain bandwidth of RCAs can be improved without
much compromise of the maximum achievable gain. Though
much work has been done at microwave bands [15]-[18], few
RCAs operating at frequencies higher than 30 GHz have yet
been proposed [19]-[22]. Authors in [19] describe a V band
RCA consisting of a frequency-selective-surface (FSS) over
a planar slot-dipole feed. The measured and simulated gain of
the antenna is around 11 dBi and 13 dBi, respectively. The
3dB gain bandwidth is from 61.6 to 64.3 GHz. [20] presents
a 60 GHz RCA using printed circuit board technology. The
compact PRS is fed by an inset-fed microstrip patch antenna.
The measured results show a 4.6 GHz 3 dB gain bandwidth
from 57.6 to 62.2 GHz with a peak gain of 16.4 dBi at 60 GHz.
A wideband RCA operating at 60 GHz is proposed in [21],
where a dual-layer printed FSS-based superstrate is
implemented to have a positive gradient. The measurements
show the antenna has a 12.2% 3 dB gain bandwidth and a
maximum gain of 15.6 dB at 62.7 GHz. It is worth mentioning
that the design freedom of the above works is greatly limited
by the thickness of the commercially available substrates and
spacers. In addition, the dielectric substrate loss at higher
frequencies is considerable.

To overcome the drawbacks using conventional PCB
techniques, additive manufacturing (AM) can be used to
fulfill mmW and THz antenna development tasks [23]-[25].
AM is becoming a popular technology for product
development and manufacturing operations. Known also as
three-dimensional printing (3DP), AM builds arbitrarily
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shaped 3D objects by depositing plastic or metal material
layer by layer. Compared with traditional manufacturing
processes, AM can offer the mass production of complicated
parts with reduced lead-time. For the RF/microwave industry,
the use of AM allows the development of bespoke RF
components that can achieve reduced size, weight and lead
times [26]. To date, a wide range of 3DP technologies have
been developed, all with different advantages and
disadvantages in terms of resolution, speed, surface quality,
material choice, geometric limits, and cost [27]. Generally,
material extrusion (e.g. fused deposition modelling - FDM),
Powder Bed Fusion (e.g. selective laser sintering - SLS) and
material jetting (e.g. multi-jet modelling - MJM) are the
dominant techniques for printing dielectric geometries, while
Powder Bed Fusion (laser or electron beam) and metal binder
jetting are the most common methods to print metallic
structures.

This paper reports a novel design of mmw and low
THz RCAs that can be fabricated using different 3DP
technologies, i.e., metal binder jetting and MJM. For the
metal binder jetting method, the entire antenna can be printed
in metal, so there is no need to manually assemble the antenna
parts after printing other than attaching a waveguide to coax
adapter. Two further antenna prototypes have been built using
two material and MJM process variants for the dielectric
printing approach followed by an electroplating process.
Measurement and numerical results show good agreement for
the three resulting antennas. The remainder of this paper is
organised as follows. Section 2 describes the antenna design
procedures and full-wave simulation results. Section 3
illustrates the fabrication processes and experimental results.
Finally, conclusions are made in Section 4.

2. Design of the RCA antenna

For illustration, a typical RCA antenna consists of a
PRS layer, a PEC plane, and a microstrip patch antenna as the
feed. The antenna operation principle can be explained by the
ray-tracing analysis in [15]. The EM wave is emitted from the
feed antenna and undergoes multiple reflections between the
PRS and the ground. The distance between the PRS and
ground plane h required for maximum broadside directivity
at the resonance frequency f; can be formulated as

h = ——(@prs + Ponp — 2NT),N = 0,1,2, .. )

AT fy

where @prs and @ ypare the phases of reflection coefficients
of the PRS and the ground, respectively. For a PEC ground
plane, its reflection phase is a multiple of m, while the
reflection phase of the PRS normally varies with the
frequency. According to the resonant condition illustrated by
Equation (1), at the given frequency, the cavity height h can
be derived as long as the value of @pgg is known.

The first step is to design the PRS layer that is
compatible with available AM techniques. The PRS is
essentially a periodic structure that can exhibit high
reflectivity at the desired frequency, so the metallic grid FSS
is an ideal candidate to be produced by AM. Fig. 1(a) shows
the PRS unit cell with its geometrical parameters. The
material of the hollow square is copper and the periodicity of
the unit cell P = 4.8 mm. The inner lateral dimension and
thickness are 4 mm and 1 mm, respectively. CST™
Microwave Studio is used to characterize the unit cell. By
applying a Floquet-Port setup, the scattering parameters can
be calculated under plane wave illumination. The simulated

magnitude and phase of the reflection coefficient are shown
in Fig. 1(b). To maintain a high directivity, high reflectivity
is required inside the antenna cavity. However, the 3 dB gain
bandwidth reduces as the magnitude of Si1 increases.
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Fig. 1. Unit cell model of the PRS under normal incidence
and the simulated results of the unit cell using CST

(a) Dimensions of the unit cell constituting the PRS layer of
the RCA antenna, (b) Magnitude and phase response of the
simulated reflection coefficient
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Fig. 2. Parametric study of unit cell (a) lateral size “a”; (b)
thickness” t”

So the design is constrained within a trade-off between the
peak gain and 3 dB bandwidth. Parametric studies of the unit
cell dimensions are shown in Fig. 2. The two figures indicate
that decreasing the size of the hollow area or increasing the
thickness of the unit cell can lead to the higher reflectivity,
while the former has a larger influence than the latter. Given
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the phase value at the operating frequency, according to (1),
the PRS height h can be calculated and optimized to have the
best boresight directivity.

Table 1 Antenna design parameters (mm)

the transition layers, the antenna impedance mismatches
almost in the whole frequency range, while a -10 dB Su
bandwidth from 288 GHz to 318 GHz is obtained with the
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Fig. 3. Detailed antenna configurations

As shown in Fig 3, the complete RCA is composed of a 5x5
metal PRS superstate, three transitions, and a WR3
waveguide feed. Note that the metal wall is used to support
the PRS layer and for ease of fabrication. Normally, direct
illumination of the PRS leads to impedance mismatching,
lowering the antenna efficiency. Thus, we propose a novel
impedance matching technique that consists of three
transition layers. The lower transition layer contains a small
slot excited by the waveguide port. The middle layer is a thick
cavity covered by the upper transition layer where two
identical, symmetrical parallel slots are used to broaden the
impedance matching bandwidth of the single slot feed. The
transition layer generates additional modes at the frequencies
of 290 and 310 GHz, respectively when the two parallel slots

are simultaneously excited.
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After careful optimisation of the parameters of the three
impedance matching layers, the full-wave simulation results
of the antenna performance are obtained. Table 1 shows the
antenna geometric parameters. As shown in Fig. 4, without

transitions. The peak realised gain is 16.5 dBi at 300 GHz.
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Fig. 5. Siulated radiation patterns (a) 3D pattern at 300
GHz; (b) 290 GHz; (b) 300 GHz;(d) 315 GHz

Fig. 5 illustrates the simulated 3D radiation pattern at 300
GHz and normalized ration patterns at 290, 300, and 315 GHz.
The plots show directive beams pointing at broadside in the
band of interest. Note that we use a metal wall to support the
PRS superstate. This will be beneficial to the 3D printing of
the antenna structure. Furthermore, the metallic wall
improves the antenna gain by 2 dBi and Si; is also slightly
better using the metal support, as shown in Fig. 6. A possible
disadvantage is that the side lobe level of the radiation
patterns could be increased due to the generated resonant
modes in the metal cavity.
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Based on the above 300 GHz RCA analysis, a scaled design
operating at 30 GHz was simulated. It is straightforward to
work out the antenna dimensions required as the whole
antenna is made of full metal. Therefore, all the values of the
antenna design parameters are 10 times larger than those at
300 GHz given in Table 1. The only difference is that the
feeding waveguide is WR28, with the port dimensions of
7.112 x 3.556 mm working at 26.5 - 40 GHz. Fig. 7 shows
the scaled 30 GHz version of the antenna configuration in Fig.
3. It can be seen from Fig. 8(a), the better than -10 dB Si;
performance ranges from 29 GHz to 32.3 GHz with a
maximum gain of 16.2 dBi in the broadside direction. Fig. 8(b)
depicts the simulated E- and H-plane radiation patterns.
Compared to the 300 GHz radiation patterns in Fig. 5, they
follow the same trend.

“ waveguide
Fig. 7. Perspective view of the 30 GHz design
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3. 3D Printing of RCAs

Fabrication of the above designs requires high-
resolution printers. Unfortunately, for the 300 GHz RCA
design, almost none of the available AM techniques are
capable of printing such fine details of the proposed antennas.
It is more reasonable to focus on the 30 GHz design using
both dielectric and metal printing. The detailed fabrication
processes of the two approaches are introduced in this section.

3.1. 3D dielectric printing using material jetting

The polymeric antenna components were printed
using two different commercial multi-jet modellers, J750
(Stratasys Inc, USA) and Projet MJP 2500+ (3D Systems Inc,
USA). Multijet Modeller (MJM) technology manufactures
parts by the ink-jet deposition of UV curable polymers. Each
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deposited layer of resin is instantaneously solidified by
exposure to a UV lamp following the ink-jet print head. A
counter-rotating roller in front of the print head ensures that
each layer is the desired thickness prior to UV cure. The J750
system was selected as it offers high resolution (14 um in the
z-axis, 42 um x and y-axis), high accuracy (down to 20 um)
and good surface finish. The MJP 2500+ offers a slightly
lower resolution (32 um x 28 um x 32 um) but, due to the
rapid solidification of the resins after deposition, provides
sharper edge detail than the J750.

The build materials used were (J750:- VeroPureWhite
RGD837 - Stratasys Inc, USA), (MJP 2500+:- Visijet M2
RWT — 3D Systems Inc, USA). These are both diacrylate
based polymers containing tricyclodecane dimethanol
diacrylate, other acrylate monomers, and TiO; as a filler. If
the fabrication is for the applications above 100 GHz, a 3-D
Systems Viper si2 with Accura Xtreme resin would be the
suitable material as demonstrated in [28].

The parts were built using industry default parameters
which represent a 14 um (J750) and 32 pm Z-axis resolution
(MJP 2500+). During the build process, the parts were
supported using SUP705 (J750) and Visijet M2 SUP (MJP
2500+) support material (acrylic based). The parts were built
with the smallest dimension in the vertical (z) direction.

After manufacture, the samples were manually

removed from the build plate, and the support material was
removed using (J750) a high-pressure water jet (Genie Pro-
600 Wash Station, Gemini Cleaning Systems Ltd, UK), (MJP
2500+) a steam bath (MJP EasyClean, 3D Systems Inc, USA).
Parts from both systems were then air dried. The fabricated
antenna parts are shown in Fig. 9 (a).
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Fig. 9. Photos of (a) 3D printed polymeric parts; (b)
polymeric PRS surface detail; (c) copper plated parts

The next step to create a functional antenna using the
printed plastic parts is metallization. The surface roughness
of the parts is an important parameter. At mmW and THz
frequencies, surface roughness tends to become on the order
of the skin depth, resulting in attenuation of transmission
lines. Itis, therefore, very important to deposit the metal layer
as smoothly as possible and thick enough to ensure the
antenna performance. Here, we adopt a two-step procedure
which is easy to implement at laboratory level. First, the
surfaces of the printed plastic parts should be cleaned with
isopropyl alcohol. A commercial silver conductive paint is
then evenly spread over the parts by a fine brush. This step is
to ensure the surface has a conductive seed layer essential for
the subsequent copper deposition. Then the parts are
immersed in a tank of copper sulphate and connected to a DC
power supply. A 100-mA current for 5 minutes was found to
be suitable for depositing a uniform copper layer
(approximately 10 um thick). The plated parts for the two
antennas are shown in Fig. 9(c). The thickness of the coated
copper layer is larger than 10 times of skin depth at 30 GHz.
So conductor loss is small, provided that the coated copper
layer is even.

3.2. 3D metal printing using binder jetting

With metal AM, there is no need to electroplate the
parts. The most active advantage is that the entire antenna
structure can be printed in one go, thus saving time and labour.
The technique we use is metal binder jetting. After the STL
(3D representation of the part) file is sent to the 3D printer,
the object is built by spreading layers of stainless steel powder
(316L) using high-precision binder jetting. A special print
head deposits binding agent at specific points. Each layer of
powder is dried and spread from the bottom up till the part is
completed. The print is sintered in an oven at 1300°C for
strength. 316L high-grade stainless steel is cost effective and
suitable for the significant levels of detail and strength. One
can achieve a minimum wall thickness of 0.3 mm and a
minimum detail of 0.1 mm. The printed metal parts and
microscopy photo of the metal surface are shown in Fig. 10.



Fig. 10. Photos of (a) 3D metal printed parts; (b) metal
PRS surface

4. Antenna measurement and results

Three antenna prototypes have been manufactured
using the methods described in Section 3. Measurements
were performed in the university’s antenna anechoic chamber
to verify the antenna design concept. To measure the antennas
using the Anritsu 37397C VNA, a K-type coaxial cable
together with a Flann Microwave WR28 adapter was used.
The fabricated RCAs are shown in Fig.11 (a), (b). All the
antennas were printed into three component parts to
investigate the capabilities of the employed AM techniques,
e.g., surface roughness, fabrication tolerance, etc. To measure
the antenna performance, a waveguide to coaxial cable
connector is used to attach to the assembled antenna.
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Fig. 11. Assembled antenna prototypes (a) metal printed;
(b) dielectric printed; (c) measured reflection coefficient

The measured reflection coefficients of all three
prototypes are shown in Fig. 11(b). It can be observed that the
measured Si results are in good agreement with the simulated
ones, all with a larger than 3GHz Si1 < -10 dB bandwidth.
However, one can notice the differences between the curves
which are most likely due to the non-consistent geometry
tolerance between different manufacturing processes using
different materials. Also, the printing defects can be a reason
why Si is sensitive to the printing process. The other factor
that can affect Sy: is the accuracy of the attachment of the
waveguide-coax adapter to the antenna radiating parts.
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The antenna radiation performance is validated by the
radiation pattern measurement shown in Fig. 12. As expected
in Section 2, the measured radiation patterns for the three
antennas all show directive main beams pointing in the
broadside direction. The cross-polarization levels are better
than 30 dB in the direction of maximum radiation. Measured
sidelobe levels (SLL) remain below —10 dB, although there
is a slight deviation between the E-planes of the three plots.
Moreover, the 3 dB beamwidth and the nulls of the simulation
and measurement results are in good agreement. Fig. 12(d)
shows the measured gain in comparison with the simulated
gain. It is clear that all the measured gains of the RCAs are
slightly smaller than the simulated one. The gain discrepancy
is largely caused by the fabrication tolerance of the three
separate parts that were assembled manually. The surface
roughness of the copper plated surface is another factor that

contributes to the loss. The 3 dB gain bandwidth of the three
RCAs are about 10% but slightly shifted because of the
variation of the antenna impedance matching. It is noted that
the key to the wideband RCA is to carefully design the
impedance matching as it affects the antenna realized gain. In
our design, the most sensitive parameters are t; and ts. The
parametric study of the two parameters suggests the
impedance matching is not deteriorated when the two
parameters are varied by 0.2 mm. Furthermore, from the
measured results, the proposed antenna has a wide bandwidth
so it is not sensitive to small fabrication errors up to 0.2 mm.
Table 2 compares our design and the antennas in the
literature. It is clear that the proposed RCA has the smallest
effective aperture size using a single PRS layer design. Also,
our design is the first millimetre-wave RCA fabricated using
viable AM techniques. A comparison for the two used 3DP
techniques is provided in Table 3. Both of the two methods
are capable of manufacturing parts with a high resolution. The
MJM offers the advantages of lightweight plastic parts
whereas the MBJ requires an additional sintering process.

Table 2 Comparison of the proposed RCA with the
cited works

Ref Fabrication | Lateral | 3dB | Gain
technique size BW | (dBi)
[9] PCB 3.1 % 4% 13
[10] PCB 28N | 7.7% | 16.4
[11] PCB 3.6 | 12.2% | 16.8
[12] PCB 26.7% | N/A 15
This
work 3DP 24k | 10% 16

Table 3 Comparison of the two 3DP techniques

Fabrication Manufacturin Temperatur -
technique g Simplicity € Precision
Capability
Simple - Poor
manufa?cture - Polymer “Excellent
Polymer - resolution of
. of polymeric heat
Multi-Jet . - 50um
. parts distortion
Modelling Parts require | temperature ~Excellent
(MIM) metallisation typically < dgcilzcgoo;l
(surface only) 50°C W K
Simple
manufacture -Good
of metallic -Excellent resolution,
. parts -Thermal typically 100um
Metal I_3|nder -Two stage resistance -Good accuracy
Jetting .
process of build down to 50pum
(MBJ) o
requiring metal (e.g for small parts
furnace 316l) (higher for
sintering of larger parts)
green parts

5. Conclusion

Millimeter wave and THz frequency bands bring
challenges to the antenna designer as the frequency increases,
the dielectric loss is considerable and designed are limited by
the substrate and material (e.g., spacer) choice. Thus, it is
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expected that new designs and fabrication techniques will be
developed in these frequency ranges. Inspired by the
emerging additive manufacturing processes, a resonant cavity
antenna design is proposed operating at 300 GHz. To validate
the design principle, the antenna has been scaled to 30 GHz
and simulated and fabricated by two viable AM techniques,
i.e., MJM printing and metal binder jetting. To the best of the
authors’ knowledge, this is the first paper that compares the
fabrication process and antenna performance using the two
approaches. The printed dielectric parts are light in weight but
need the further process of copper plating, while the metal
printed parts can be printed in one run, which is an attractive
feature that can reduce the product lead time and cost. In this
work, we only utilize metal binder jetting, but there is another
viable metal printing technique i.e. Laser Powder Bed Fusion.
It has more material options including the low weight
Aluminum (AISi10Mg). This material can be of interest to
space applications, where efforts are made to reduce the RF/
antenna system weight. Experimental results show good
agreement with the simulated ones, which demonstrates the
feasibility of 3D printing the proposed robust antenna design.
The slightly shifted impedance matching and gain results are
mainly caused by fabrication inaccuracies and waveguide
feed misalignment. Overall AM provides more freedom to the
design of mmW and THz antennas.
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