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Abstract

This paper presents the design and fabrication of WR-28 waveguide horn antennas operating in the Ka-band 
frequency range between 26.5 GHz and 40 GHz through 3D printing. Three different antennas are fabricated from 
polylactide acid filaments in conductive and non-conductive variants; the latter is covered with conductive paint. 
The gain and voltage standing wave ratio performance of the fabricated horn antennas is measured in a vector 
network analyzer, showing promising performance. Antenna gain values between 5 dBi and 14 dBi are found, 
comparable to the performance of metal milled horn antennas.
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1.     Introduction

The continuously increasing demand for high 
data-rate mobile data services and the resulting need 
for larger bandwidth wireless communication 
channels have brought millimeterwave (mmW) carrier 
frequencies to the focus of research [1],[2]. In 
combination with recent advances in the quality
offered by additive fabrication methods such as 3D 
printing, this has generated considerable interest in 
the investigation of 3D printed antennas [3], [4], to the 
point where this technology is considered a possibly 
disruptive change to the way antennas are designed
and manufactured [3], [5], [6].

In the IEEE Ka-band, i.e. the frequency range 
between 26.5–40 GHz and thus the lower edge of the 
mmW range, two bands around 28 GHz and 36 GHz 
have been allocated for possible use in mobile 
communication networks with an additional allocation 
in the adjacent K-band at 24 GHz. These bands have 
attracted considerable interest [1], [2] and channel
characterizations have found them suitable for both 
indoor and outdoor communications [1].

mmW antennas are typically fabricated through 
metal milling or casting, both of which are cost 
intensive. The development of low-cost antennas for 
the Ka-band may enable wide deployment of wireless 
communications at these frequencies. 3D printing has 
been found to be a promising technologyy to produce 
antennas in large volumes and at low cost [3],[7],[8].

In this paper, three Ka-band antennas 
manufactured through 3D printing (fused deposition 
modelling) are presented and their performance is
analyzed. The tested samples include antennas 
produced both from conductive materials and non-
conductive materials covered with conductive paint. 
The different materials and manufacturing 
parameters are discussed in section III while section 
IV presents experimental measurements to confirm
the performance of the manufactured antennas. 
Section V summarizes and concludes the paper.

2. Background and use of 3-dimensional printing

3-dimensional (3D) printing – or additive 
manufacturing process – is a manufacturing 
technique where successive layers of melted material 
are laid down to form a geometrically complex model 
from a series of cross sections [8]. Historically, during 
the first years and the initial development of this
technique, 3D printing was used mainly to enable 
rapid prototyping and speed up the development of 
mechanical parts. This technology allowed rapidly 
production of parts with sufficient shape features and 
detail, but without any admissible structural strength 
and surface quality [5], [6], [8]; the resulting reduction
in development time and cost ensured a fast adoption 
and development of the 3D printing technique itself 
[8]. During the last decade there have been many 
advances and developments in the field of 
manufacturing techniques and specifically 3D
printing, leading to much more promising finishes and 
material properties being available from 3D printed 
parts and structures [5]. These have paved the way 
to a wide range of new applications, including high-
precision and critical fields such as biomedical 
applications [9].

During the 3D printing process and extruder 
draws in the material supplied as a filament, melts the 
material and deposits it through the printing nozzle. 
Through the coordinated actions of extruder and 
nozzle movement following a programmed path, 
material is laid down layer-by-layer to form the 
required 3-dimensional shape.

The design of the workpiece to be 3D printed is 
done using a mechanical engineering computer aided 
design (CAD) software from which an export is 
transferred to a dedicated 3D print design software 
defining and controlling printing parameters and 
finally producing a set of computer numerical control
instructions (CNC).
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Fig. 1. Tested horn antennas: commercial 20 dBi gain horn 
(left, R), 3D printed from conductive carbon-PLA compound 
(center, C), 3D printed from non-conductive PLA (right, A & 
B). The WR-28 size (7.112mm x 3.556mm) is indicated in 
red. 
 
3.  Antenna fabrication 
 

In order to test and analyze the potential of 3D 
printing for the production of antennas for the Ka-
band frequency range 26.5–40 GHz a WR-28 
waveguide horn antenna was designed and 
fabricated in three different fashions. The antenna 
design was performed using SolidWorks® CAD, 
exporting industry standard STL files to the Cura® 3D 
printing software. The latter allows selection and fine 
control over the printing parameters and allows 
export of CNC instructions in GCODE files to be read 
by the employed BQ® Prusa i3 Hephestos 3D printer. 

The selected printing material were two types of 
polylactide acid (PLA), a commonly used 
thermoplastic material with a melting temperature of 
170–180 °C and good properties and behaviour 
under repeated cycles of melting and solidification 
[10]. The selected types of PLA were a non-
conductive standard 3D printing PLA with properties 
similar to those of [11] and a filament diameter of 
1.75 mm and the electrically conductive carbon-PLA 
composite of the ProtoPlant® brand composed of 
PLA resin, carbon black, polyethylene and ethylene-
methyl acrylate. The conductive composite has a 
density of 1150 kg/m3 and achieves volume resistivity 
values of 30 Ω cm perpendicular to the printed layers 
and of 115 Ω cm through the printed layers – i.e. 
along the z-axis – respectively. Both employed 
materials are non-toxic, environmentally clean and 
bio-degradable. 

Printing was performed with a nozzle 
temperature of 240 °C and onto a heated print bed at 
50 °C in order to improve adherence between 
workpiece and printing bed and to increase 
workpiece quality. The printing layer height was set to 
100 μm with a structure infill of 20%. The resulting 3D 
printed antennas and a commercial reference for 
comparison are shown in Fig. 1.  

In order to allow transmission of electromagnetic 
waves with the antennas printed from non-conductive 
PLA two layers of conductive paint are added to their 
internal surface and waveguide flange with a soft 
paintbrush. The employed conductive paint is the 
BareConductive® electric paint – a nontoxic, solvent 
free and water soluble paint that dries quickly within 
15 min at room temperature and without requiring any 
additional form of curing. The paint has a density of 
1.16 g/ml, is highly viscous and shear sensitive 
(thixotropic) and achieves a surface resistivity of 32 
Ω/ sq. 
As the surface roughness resulting from layered 
printing with a layer height of 100 μm may 

 
Fig. 2. Front faces and internal surfaces of the 3D printed 
antennas: nonconductive PLA with conductive paint, surface 
non-sanded (left, A), surface sanded (center, B), conductive 
carbon-PLA compound (right, C). The thickness of the 
conductive paint is ca. 50 micrometers. 

 
significantly affect propagation of 

electromagnetic waves [12] and introduce additional 
reflections from manufactured antennas [7], [12], a 
comparison of an antenna with an untreated inner 
surface and one where the inner surface was sanded 
prior to the application of the conductive paint is 
performed. Fig. 2 shows the open ends and inner 
surfaces of the three 3D printed antenna samples. 

Fig. 2 further shows the different antenna wall 
thickness settings required in order to provide 
mechanical stability and to allow manufacturing – 
while the commercial reference (not depicted) has a 
wall thickness of 1mm, the 3D printed samples have 
walls of 2mm and 3mm thickness for non-conductive 
(A, B) and conductive (C) materials respectively. 
While both wall thickness and structure infill 
percentage may have an impact on antenna 
performance – especially in the case of conductive 
carbon-PLA composite – these parameters are not 
further regarded in this paper. 

 
4.  Performance measurements 
 
 In order to examine the performance of the 
fabricated antennas, the parameters of three different 
3D printed horn antenna samples are measured: 
 
A 3Dprinted from non-conductive PLA with two     
       layers of conductive paint 
B 3Dprinted from non-conductive PLA, sanded 

inner surfaces with two layers of conductive paint 
C 3Dprinted from conductive PLA with no further   

surface treatment 
 
This allows the comparison between conductive PLA 
and non-conductive PLA treated with conductive 
paint as well as some analysis of the impact of 
surface roughness. The tested samples are shown in 
Fig. 1 and Fig. 2. For all measurements the antennas 
were connected to the relevant measurement 
equipment using standard commercial WR-28 
waveguide to 2.92 mm female RF connectors. 

 
A. Reflection coefficient, VSWR and FBW 
 
As a first indication of antenna performance a 
reflection coefficient measurement is performed with 
the help of a vector network analyzer (VNA); the 
obtained results are shown in Fig. 3. The three 3D 
printed samples show very different results, with 
similarities found between any two samples; i.e. while 
both samples with non-conductive PLA (A and B) 
show a negative peak of low reflection at about 23 
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Fig. 3. Reflection coefficient (S11) measurements for the 
three 3D printed antennas 

 
GHz, at 27 GHz similarity between samples A 

and C is found and finally at 34 GHz samples B and 
C show similar performance. 
 

Having obtained the reflection coefficient 
measurements it is possible to calculate two 
important figures of merit commonly employed in the 
characterization of antennas: the voltage standing 
wave ratio (VSWR) and the fractional bandwidth 
(FBW) [13]–[15]: 
  

 
 

 
 

where and  are 
the center frequency and the upper and lower edge 
frequencies of the operating band respectively. Here 
VSWR serves as a figure of merit when regarding 
reflection coefficient over a given frequency band 
(Ka-band, 26.5–40 GHz), while FBW gives an 
indication of antenna bandwidth while maintaining a 
given maximum VSWR; for the latter a VSWR of 2:1 
is generally considered well matched [15]. Table I 
shows VSWR values found for the three samples as 
well as FBW calculations for VSWR limits of 2:1 and 
2.5:1 respectively. 

It is found that neither of the three samples can 
cover the whole Ka-band with a VSWR of 2:1 or 

below and a VSWR of 2.5:1 has to be accepted to 
achieve the 20% of FBW usually considered for a 

wideband antenna [13]. Finally in order to cover the 

 
Fig. 4. Transmission performance measurement scheme 

 
Ka-band a VSWR between 2.6:1 and 2.8:1 has to be 
accepted. While these values fall short of what may 
be expected from a well matched antenna, they do 
confirm that an acceptable performance can be 
achieved with simple methods such as 3D printing 
and the application of conductive paint. The 
performance of sample B indicates some 
improvement may be obtained with regards to 
antenna matching by reducing surface roughness 
through sanding. 
 
B. Transmission performance 
 

The transmission performance of the three 3D 
printed antenna samples is analyzed in comparison 
to a reference measurement obtained with a typical 
commercial standard gain horn antenna for Ka-band 
with a nominal gain of 20 dBi. The measurement is 
performed as an S21 measurement with a scheme as 
shown in Fig. 4, where transmission with two 
antennas across a wireless distance of 75 cm 
constitutes the measured channel. Two commercial 
standard gain horn antennas are employed for the 
reference measurement, while for the analysis of the 
performance of the 3D printed samples they are 
substituted in for the transmitting antenna. 

The measured S21 values are shown in Fig. 5 
and show large differences in performance over the 
Ka-band frequency range. It is immediately found that 
while all antennas do allow transmission, their 
performance is largely different with sample A proving 
to be the best. The observed S21 of about –15 dB for 
the transmission with the commercial reference fits 
well with the expectations of Friis’ path loss combined 
with a total antenna gain of 40 dBi and from the 
difference between the reference and the 
measurements with the antenna samples the gain of 
the latter can be deduced. 

For sample A a gain between 10 dB at the lower 
edge of the Ka-band and 14 dB at its upper edge is 
found, confirming that with simple methods such as 
3D printing from standard nonconductive PLA and a 
surface treatment with conductive paint an antenna 
with significant gain and acceptable gain flatness can 
be produced. It is also seen that while surface 
sanding – as performed for sample B – improves 
VSWR and FBW performance, it reduced both gain 
and gain flatness. Finally performance of sample C – 
produced from conductive PLA – is inferior to both 
samples A and C with only up to 5 dB gain being 
achieved. 

From the S21 measurements it is further possible 
to derive the gain bandwidths of the 3D printed 
antenna samples as shown in Table II. Again sample 
A shows the best performance with a 3 dB bandwidth 
of 10 GHz while samples B and C fail to reach 3 dB 
bandwdiths of 2 GHz. Across the Ka-band sample A 
shows a variation in gain of 4:3 dB and has a 6 dB 
bandwidth of above 15 GHz, again proving it to be an 
antenna of acceptable performance across a large 
bandwidth. 

 

Table 1 
VSWR and FBW values for the three 3D printed 

antenna samples 
 

 
Sample 

 

 
VSWR 

Ka-band 

 
FBW 
2:1 

 
FBW 
2.5:1 

 
A 

 
2.8:1 

 
8.3 % 

 
22.7 % 

B 2.6:1 15. 9% 22.9 % 
C 2.7:1 7.4 % 34.6 % 
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Fig. 5. Transmission performance over the Ka-band for a 
commercial reference (R) and the three 3D printed antenna 
samples (A-C) 
 

5.  Conclusions 
 
This paper discussed the fabrication of Ka-band 
antennas through 3D printing and analyzed the 
performance of three manufactured samples. The 
experimental results showed significant differences 
between antennas produced from a conductive 
carbon PLA composite and non-conductive PLA 
treated with conductive paint, finding the latter to yield 
significantly better performance in terms of gain and 
gain flatness, while antenna RF matching quality was 
comparable – improved only by smoothing the inner 
surface through sanding. 

The observed gain values between 5 dB and 14 
dB confirm the potential of 3D printing for the 
production of millimeterwave antennas and approach 
the performance of commercial horn antennas 
fabricated through other means. Thus 3D printing is 
again proven to be a feasible manufacturing 
technique for the rapid design and production of 
custom designed, flexible and high-performance 
antennas for RF applications. Furthermore, as 3D 
printing allows for rapid prototyping, scenarios where 
wireless deployments feed radiation maps and 
subsequently on-the-spot antenna arrays are 
engineered according to the coverage needs become 
viable. This will enable tailored wireless deployments 
in short times. 3D printing techniques still pose many 
challenges in high-frequency antennas, as roughness 
of the surface is determined by the precision of the 
printer and the quality of the employed materials.  
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Table 2 
Gain and 3 dB, 6 dB and 10 dB bandwidths for the 

three 3D printed antenna samples 
 

 
Sample 

 

 
Gain 
[dB] 

 
3 dB BW 

[GHz] 

 
6 dB BW 

[GHz] 

 
10 dB BW 

[GHz] 
 

A 
 

14 
 

10.0 
 

15.4 
 

16.1 
B 9 1.8 6.6 16.1 
C 5 1.7 2.3 17.2 

 


