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ABSTRACT This paper presents the development of a wideband dual-polarized 3D printed quad-ridged
horn antenna (QRHA) that can be used for detecting and imaging applications. The QRHA consists of three
main parts: the waveguide transducer, the horn, and the ridges. The waveguide transducer is modified into
a square shape to obtain dual-polarization. Four variations of ridges were carried out to determine the ridge
that best satisfies the required specifications, especially the bandwidth and sidelobe levels. Among the four
ridge profiles, the quadratic model was used for the proposed QRHA as it generated the widest bandwidth
and enhanced a lower operating frequency, which is beneficial for improving resolution and penetration
depth. The double-ridged horn antenna (DRHA) was also investigated in order to make a comparison with
QRHA'’s performance. The characterization results show that when compared to DRHA, QRHA performs
better in terms of bandwidth, beamwidth, gain, and side lobe suppression. Due to the benefits it provides, 3D
printing based on polylactic acid (PLA) material was selected as the manufacturing process for the proposed
QRHA. The fabricated QRHA had a weight that was three times lighter compared to conventional antennas.
The measurement results indicate that the 3D printed QRHA has the wideband characteristics of a —10 dB
working bandwidth of 7.9 GHz in frequency ranges of 3.5 GHz to 11.4 GHz. Isolation between the ridges
below —20 dB was achieved for most frequency ranges. Co— and cross-polarizations were also performed to
evaluate the dual-polarization of the proposed QRHA. The radiation patterns showed that the measurement
results agree well with the simulations for low, middle, and high operating frequencies.

INDEX TERMS Quad-ridged horn antenna, ridge profile, wideband, dual-polarization, PLA-based 3D

printing.

I. INTRODUCTION

Quad-ridged horn antennas (QRHA) have been widely used
in radio astronomy, electromagnetic compatibility (EMC)
applications, microwave communications, radar systems,
and in biomedical usage [1]. QRHA has shown promising
potential in detecting and imaging applications due to its
outstanding characteristics. Its wideband properties are ben-
eficial for improving imaging quality and accuracy in object
reconstruction [2]-[6]. Unidirectional patterns generated by
QRHA are useful for transceiving signals with higher power
for certain directions as well as decreasing unwanted signal

The associate editor coordinating the review of this manuscript and

approving it for publication was Qi Luo

8036 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

interference from other directions, which means that QRHA
is suitable for improving antenna performance [7]. A dual-
polarization established by QRHA also allows the antenna
to simultaneously radiate signals with horizontal and vertical
polarizations, which is an important feature in tumor detec-
tion [8]. Research on QRHA as part of the detection pro-
cess in biomedical engineering reveals that a dual-polarized
antenna can improve sensitivity in detecting asymmetrical
objects [9]. The performance of double-ridged horn antennas
(DRHA), another type of ridged horn antenna, has been
compared to those of QRHA. The results have substantiated
that QRHA yields better performances compared to DRHA
in terms of the reflection coefficient, radiation pattern, and
gain [10].
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The most common method that is frequently implemented
to manufacture QRHA is the computer numerical con-
trol (CNC) milling machine. This type of milling machine
has numerous benefits: robustness, solid structure, along
with durability and high density. The main advantage of
the CNC milling machine is its high conductivity due to
the metallic conductor material used. However, the com-
plex structure of horn antennas requires precise dimen-
sions which are difficult to achieve using the CNC milling
method [11]-[12]. Some additional disadvantages include
high costs and time-consuming manufacturing process. It is
also heavy in weight due to being an all-metal construc-
tion [13]-[15]. On the other hand, an imaging application
requires a lightweight antenna to facilitate portable detection
processes. The process of object reconstruction in imaging
application actually requires that QRHA be distributed over
the entire object to achieve high detection sensitivity. As a
result, low-cost fabrication techniques are needed since a
great many QRHAs are required.

The invention of 3D printing makes it possible to overcome
the limitations of manufacturing horn antennas using the
CNC milling machine [16]. 3D printing has already attracted
public attention due to its many advantages, such as pro-
ducing precision dimensions, relatively low costs, and less
time consuming to use. An outstanding characteristic of 3D
printing is its capability to produce precise dimensions. It can
also simplify the construction of antenna structures having
small dimensions, tight gaps, and slight holes.

There are two types of 3D printers: metal-based and
plastic-based. Metal-based 3D printing has similar benefits to
those of the CNC milling machine, albeit even more precise
in its dimensions. There is a large body of research regard-
ing the production of horn antennas using metal-based 3D
printing [16]-[20]. However, using metal-based 3D printing
requires more time and additional processes, such as smooth-
ing the horn antenna surface, in order to obtain a perfect end
product. The limited availability of metal 3D printers and
operators with the specific skills required to operate these
printers also present additional drawbacks.

On the other hand, plastic-based 3D printing offers a sim-
pler production process involving relatively less time and
lower costs, as well as being lightweight and having a
robust manufacturing process [21]{23]. Moreover, the wide
availability of this type of 3D printer and the fact that no
special skills are needed to operate these machines give
plastic-based 3D printers additional value. The filaments that
are generally used in 3D printers are made of polylactic
acid (PLA) and acrylonitrile butadiene styrene (ABS). PLA
is the most often used due to having better properties, such
as higher strength and stiffness, low melting temperature,
no shrinkage, and simple to implement. PLA is also made
from organic materials and supports environmental protec-
tion, while ABS is produced from petroleum-based mate-
rials. After making a comparison of the properties of both
filaments, the PLA is most often selected for plastic-based
3D printing.
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Utilization of PLA-based 3D printing to realize a horn
antenna has been implemented in many research works, how-
ever most of these were concerned with the design of 3D
printed horn antennas for single polarization [24]-{26]. Based
on the aforementioned explanation, this paper aims to develop
a PLA-based 3D printed QRHA that has a wide bandwidth
and can accommodate the need for penetration depth and
high resolution for imaging applications as well as generating
dual-polarization. Bandwidth improvement at a lower operat-
ing frequency was achieved by varying QRHA ridge profiles.
A 3D printing technology using PLA as a material was used
to produce an antenna that is lightweight, low cost, precise
dimensions, and simple fabrication.

The rest of this paper is organized as follows: In Section II,
the design of QRHA is discussed. This section presents a
performance comparison between QRHA and DRHA with
variations of ridge profiles, and the characteristics of an
antenna produced using 3D printing. The manufacturing pro-
cess of the proposed QRHA using 3D printing is described in
Section III, followed by characterizations and discussion of
results in Section IV. The conclusion of paper is presented in
Section V.

Il. QUAD-RIDGED HORN ANTENNA DESIGN

A. QUAD-RIDGED HORN ANTENNA

Generally, the QRHA design has the same construction as
conventional horn antennas: both consist of a waveguide
transducer and horn. An additional factor that plays a role
in the QRHA construction is the utilization of ridge profiles
which are inserted at the midpoint of the horn. The design
of QRHA will be presented in this paper as the continuation
of work done in [27]. The proposed QRHA consists of a
waveguide transducer which uses a rectangular waveguide of
WRO90. The WRIO0 rectangular waveguide is modified into a
square shape with the square waveguide transducer having an
inside dimension of 22.86 mm x 22.86 mm. This is carried
out in order to construct a dual-polarized horn antenna. The-
oretically, the horn will have a TE( operating frequency of
8.5 GHz to 12.5 GHz with a cut-off frequency of 6.5 GHz.
The dimensions of the horn are set to create a compact size
with a length and aperture width of 50.00 mm and 45.72 mm,
respectively. The ridge profile employed in the preliminary
QRHA design utilizes a common ridge profile. In order to
gain optimum performance, the space between ridges was set
at 3.75 mm with a ridge thickness of 3.25 mm.

The excitation of both ports in the proposed QRHA, i.e.,
port #1 and port #2 was done using 50 2 sub-miniature
version A (SMA) connectors. The center pin of the connector
extended into the waveguide transducer part and was attached
to the upper ridge. The position of port #2 was shifted slightly
back from port #1 to avoid intersection between the centre
pins of the connector.

DRHA has also been discussed as part of a comparison of
horn antennas with differing ridge profiles. The geometry of
the width and length of the waveguide and horn of DRHA
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FIGURE 1. Configuration of QRHA (a) perspective view, (b) cross-section
view.
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FIGURE 2. Configuration of DRHA (a) perspective view, (b) cross-section
view.

TABLE 1. Dimensions of QRHA and DRHA.

Dimension (mm)

Parameter Description QRHA DRHA
Wy width of waveguide part 22.86 22.86

Ly length of waveguide part 14.00 14.00

wh width of horn part aperture 45.72 45.72

Iy length of horn 50.00 50.00

t thick of ridge 3.25 4.25

Wy width of ridge 4.33 5.33

Sr separation between ridges 3.75 2.50

has a similar configuration with the QRHA design; although
some parameters of DRHA, such as ridge thickness, width
of the ridges, and the separation between the ridges are set
to have a slightly different dimension in order to achieve
optimum performance. The DRHA ridges have a thicker
dimension, and there is a closer space between the ridges
when compared to QRHA, since there is no potential for the
ridges to interact. The geometries of the proposed QRHA
and DRHA constructed with 1.3 mm thick aluminium are
depicted in Figs. 1 and 2, respectively, while details of the
dimensions are summarized in Table 1.

B. VARIATIONS IN RIDGE PROFILES

The insertion of a ridge profile into part of the conven-
tional horn antenna has the effect of decreasing the cut-
off frequency. Therefore, the operating frequency range of
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FIGURE 3. Four variations of ridge profile utilized into horn part.

the ridged horn antenna can be extended, compared to con-
ventional horn antenna having similar dimensions which
are not able to do so. The utilization of the ridges also
contributes to the impedance matching between the feeding
point at the waveguide transducer and the free space. The
appropriate design of the ridge profile is a key factor in
conducting impedance transition from the feeding point to
the free space. An investigation of the different types of
ridge profiles employed in DRHA was discussed in [28],
while the influence of varying ridge profiles in QRHA was
explored in [29], which will also be covered in this paper.
Variations in ridge profiles were investigated to determine the
most suitable profile which can give optimum performance.
A similar investigation was also conducted for DRHA in
order to compare the performances of both antennas.

The four ridge profiles investigated were: linear, quadratic,
exponential and Gaussian, as illustrated in Fig. 3. The for-
mulas for constructing the geometry of the ridge profiles
for linear, quadratic, exponential, and Gaussian are given
in (1) through (4), respectively. The geometry of the four
ridge profiles has a different curve shape, which repre-
sents an impedance transition between the feed point and
the free space. This shows that each ridge profile has an
unequal impedance transition, which will generate a dissim-
ilar response. The linear ridge profile produces the same
impedance transition along the length of the horn, while the
impedance transition of the Gaussian ridge profile begins
just in the middle of the horn’s length. The quadratic and
exponential ridge profiles have a similar impedance transition
pattern in the beginning. However, the exponential profile
yields a wider curve shape at its ends than the quadratic.
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FIGURE 4. Normalized electric field distribution below the cut-off
frequency of the conventional horn antenna on the (a) quad-ridged horn
antenna, (b) double-ridged horn antenna, (c) conventional horn antenna.

Before comparing ridge profile variations between QRHA
and DRHA, an investigation of the electric field distribu-
tion was carried out to determine the effect of additional
ridge profiles on the operating frequency extension of the
horn antenna. Three types of horn antennas, such as QRHA,
DRHA and conventional horn antennas were demonstrated
to inspect the electric field distribution. The quadratic profile
was used as a profile ridge in the QRHA and DRHA designs.
Observations were conducted at below and above cut-off
frequencies of the conventional horn antenna, as depicted
in Figs. 4 and 5, respectively. The electric field distribution
of the QRHA, DRHA, and the conventional horn antenna
and at front, side, and top views are presented to denote
the electric field in detail. Based on the figures of normal-
ized electric field distribution, there was no propagation of
the electric field along the horn antenna for the conventional
horn antenna at below cut-off frequency. The field starts to
propagate at above frequencies, as seen in Figs. 4(c) and 5(c),
while the QRHA and DRHA are capable of propagating
electric fields even at below cut-off frequencies, as shown
in Figs. 4(a) and 4(b). This reveals that the addition of ridge
profiles is proven to decrease the cut-off frequency of horn
antennas.

The side views of QRHA and DRHA indicate that the
electric field of both antennas are still tightly confined in the
gap regions, as depicted in Figs. 4(a) and 4(b). This condition
also applies to QRHA on the horizontal side, as shown in
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FIGURE 5. Normalized electric field distribution above the cut-off
frequency of the conventional horn antenna on the (a) quad-ridged horn
antenna, (b) double-ridged horn antenna, (c) conventional horn antenna.
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the top view of Figs. 4(a) and 5(a). Based on these fig-
ures, it can be inferred that the ridged horn antenna has an
advantage in that the electric field value can be maintained
along with the presence of a ridge; furthermore, QRHA
maintains an electrical field both vertically and horizontally.
The intensity of the electrical fields of both QRHA and
DRHA is stronger than conventional antennas because they
have a narrower gap between their walls due to the presence
of ridges.

The properties of QRHA and DRHA, including variations
of ridge profiles, were then characterized using 3D simula-
tion software to investigate the effect of ridge numbers and
profiles. The results from the investigation can be considered
as defining the number and the ridge profile that is most
appropriate for the proposed design. Some antenna param-
eters were observed as evaluation performances for both
horn antennas; these were: the reflection coefficient, radiation
patterns, and gain. Additional observation was applied to the
isolation between the ridges of QRHA. The characterization
results for both QRHA and DRHA using four ridge profiles
are depicted in Figs. 6-12.

From Figs. 6 and 7, it can be seen that four variations of
ridge profiles generate almost the same bandwidth response
for both horn antennas. Exponential ridge profiles produce
a good reflection coefficient at high operating frequencies.
Unfortunately, there is a deterioration in value for operating
frequencies below 5 GHz.
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FIGURE 7. Characterization results of reflection coefficient for DRHA with
varied ridge profiles.

The quadratic ridge profile provides the widest impedance
bandwidth for both horn antennas and offers better results,
particularly in low frequencies with an impedance band-
width for —10 dB reflection coefficient in frequency ranges
from 4 GHz to 13 GHz. For a similar frequency range,
the quadratic ridge profile also had a better isolation result
between ports below —20dB, as shown in Fig. 8. The other
ridges provided narrower impedance bandwidth and higher
isolation between ports, especially at low operating frequen-
cies. The characterization results of the reflection coefficient
and the isolation between ports were also performed for port
#2. These show that a slight difference occurs on port #2
for the reflection coefficient value due to shifting of the port
positions. However, the reflection coefficient and isolation
are in agreement with their accordance characteristics.

The observed radiation pattern of both QRHA and DRHA
focus on an 8 GHz operating frequency. The radiation pat-
terns for both antennas with different ridge profiles are
shown in Figs. 9 and 10. There is no significant difference
between the two horn antennas. The Gaussian ridge produced
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FIGURE 9. Characterization result of radiation pattern for QRHA with
varied ridge profiles.

a narrower beamwidth, as can be seen in the figure afore-
mentioned; nevertheless, the sidelobe level is unsatisfactory.
On the other hand, the quadratic ridge has the lowest side-
lobe level, below —20dB, although it generates the widest
beamwidth for both horn antennas.

The gains for QRHA and DRHA are represented in Figs. 11
and 12, respectively. The highest gain for both antennas
produced by the linear ridge profile paralleled the other ridge
profiles in all operating frequencies between 8.5 GHz and
12.5 GHz. The quadratic and exponential ridge profiles have
a similar tendency of gain for both QRHA and DRHA, while
the quadratic ridge profile has a better gain than the other
ones. The same holds true for the bandwidth response: the
Gaussian ridge had the worst performance gain for both horn
antennas.

The comparison results of both horn antennas for the
observed parameters were applied in Table 2. Based on this
table, it can be seen that QRHA produces a wider bandwidth
of almost 1 GHz higher than DRHA. The better results of
QRHA are also shown for antenna beamwidth; these show
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TABLE 2. Results of comparison of quad-ridge and double-ridge horn antennas.

Parameter QRHA DRHA
Linear  Quadratic =~ Exponential Gaussian Linear  Quadratic =~ Exponential ~ Gaussian
Bandwidth (GHz) 6.17 9.69 8.10 4.29 6.14 8.76 7.40 2.27
Beamwidth (degree) 41.00 50.10 39.90 36.10 40.50 50.80 38.90 34.40
Maximum Gain (dBi) 15.58 13.51 13.19 10.90 14.93 13.02 11.98 10.57
Sidelobe Level (dB) -17.70 -21.90 -15.40 -11.10 -17.80 -20.20 -15.00 -9.90
Isolation (dB) <-22.00 <-20.00 <-20.00 <-20.00 - - - -
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FIGURE 10. Characterization result of radiation pattern for DRHA with
varied ridge profiles.
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FIGURE 11. Characterization result of gain for QRHA with varied ridge
profiles.

that QRHA obtained a narrower bandwidth than DRHA.
Antenna gain as high as 0.5 dB was achieved by QRHA;
therefore, it can be seen that implementing side lobe level
parameters in QRHA results in better side lobe suppression.
Based on these characterizations, it can be inferred that,
when contrasted with DRHA, QRHA has better bandwidth,
beamwidth, gain and sidelobe level characteristics.
Furthermore, concerning the performance characteristics
of various ridge profiles for QRHA and DRHA, it can be seen
that the quadratic ridge obtained the widest bandwidth for
both antennas. In accordance with beamwidth, the Gaussian
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FIGURE 12. Characterization result of gain for DRHA with varied ridge
profiles.

ridge profile obtained the narrowest beamwidth of all the
ridges in both antennas. The highest gain was produced by
using the linear ridge profile with QRHA and DRHA, fol-
lowed by a quadratic ridge profile that had a slight difference
in value. The variety of ridge profiles for QRHA and DRHA
indicates that the quadratic ridge profile provides the lowest
sidelobe level. From the prior explanation, it can be inferred
that the quadratic ridge profile has a better performance
for bandwidth and sidelobe levels when compared with the
other profiles. Although the quadratic ridge profile has the
widest beamwidth, the value is still tolerable. The proposed
antenna can be useful in detecting and imaging applications;
as a result, the focus of this research has been primarily
on the bandwidth and sidelobe levels. Wide bandwidth is
used to increase image reconstruction resolution, while a
low sidelobe level is needed to prevent coupling between
the antennas. By considering the performances of bandwidth,
beamwidth, gain, and sidelobe level, it can be deduced that
the quadratic ridge is the best ridge profile for horn antenna.
Thus, we conclude that the best proposed horn antenna is the
one that uses QRHA with a quadratic ridge profile.

C. PLA-BASED 3D PRINTED CHARACTERISTIC

3D printing is a new type of manufacturing technology that
has recently come into widespread use. However, the char-
acteristics of metal-based 3D printing yield a rough surface
finish which will affect the propagation of electromagnetic
waves [29]. In this section, the characteristics of PLA-based
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3D printing will be explored to find out its performance
results, especially for bandwidth and gain. The fabrication
technique of QRHA using PLA-based 3D printing requires
a metallization process with impure conductive materials.
In order to simplify these processes, the proposed QRHA
antenna has been split into several parts. Surface smoothness
and irregular thickness in the inside of the horn antenna and
ridge profile are some issues that are unavoidable in the met-
allization process. There is also an air gap between parts of the
horn antenna which is unpreventable as it is due to the process
of integrating all of the parts. The impure conductivity value
of the coating material will also impact the directivity and
gain of the proposed horn antenna. In considering the effec-
tiveness of using 3D printing, it is necessary to investigate
the results of impure conductivity and imperfect fabrication
on the performance of horn antennas in terms of operating
frequency and gain. These effects include air gaps, as well as
the irregular thickness of the inside and ridge surfaces.

The consequences of splitting QRHA into several parts
means that the geometry of the antenna cannot be closely
combined, which results in an air gap between the parts.
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The effect of air gaps on QRHA performance still needs
to be investigated; particularly for such antenna parameters
as the reflection coefficient and antenna gain. Alterations in
the reflection coefficient and antenna gain characteristics of
QRHA that result from air gaps are shown in Figs. 13 and 14.
From Fig. 13, it can be seen that an air gap alters the oper-
ating frequency and decreases the horn antenna bandwidth
as depicted by a blue line. A similar response also occurs in
antenna gain which has decreased values with the presence of
air gaps, as shown in Fig. 14.

The imperfect fabrication and metallization process is
responsible for the roughness of the QRHA inside surface,
which, in turn, influences the reflection coefficient and gain
antenna. An investigation of the imperfect fabrication and
metallization is illustrated in Figs. 13 and 14. A characteri-
zation of the designed QRHA with added air gaps was also
carried out, as seen in Fig. 13. The figure shows a narrower
antenna bandwidth, as represented in Fig. 13 by a green line.
At the same time, the antenna gain with a surface rough-
ness had the same response as when air gaps were present,
as shown in Fig. 14.
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The metallization process uses ink that contain metal. The
metal ink that is available commercially is a mixture of
materials that results in a product with impure and unknown
conductivity value. Since the antenna is coated with this
impure conductivity material, it will affect the antenna radia-
tion characteristics, particularly antenna gain. A simulation of
QRHA using an ink that has impure conductivity was carried
out in order to evaluate the effect of metallic levels on the
reduction of antenna gain. The percentages of metallic level
of a material was indicated based on its conductivity value,
although these percentage cannot be represented linearly in
the conductivity value. Therefore, the characterization of
impure conductivity was performed by varying the conduc-
tivity values of the coating material. The conductivity was
variated by using three grades of conductivity value where
the value degrades ten times the actual value of the material’s
conductivity, these were: 1.44 x 107 S/m, 1.44 x 10° S/m,
1.44 x 10° S/m. We investigated the effect of the antenna
coated with an impure conductivity material on the reflection
coefficient and antenna gain of the proposed QRHA; the
results are illustrated in Figs. 15 and 16. The reduction of
antenna gain is in line with the conductivity value, which
indicates that lower metallic content will yield lower gain
antenna.

Ill. MANUFACTURING OF 3D-PRINTED QRHA

The method that is most commonly used to manufacture
horn antennas is CNC milling. Unfortunately, this method
has drawbacks, especially in terms of being time-consuming
and costly and also involves a complex manufacturing pro-
cess. 3D printing is a fairly new method that is catching the
attention of many researchers because it is able to achieve
precise dimensions in simulation designs, particularly for
complicated structures. Considering that the arch shape of the
ridge profile needs to be constructed precisely, 3D printing
was selected as the best way to manufacture QRHA in this
research.

Utilization of 3D printing makes it feasible to generate
QRHA as a single part; however, the material used to print
the proposed antenna is non-metallic so a coating process is
needed. As a result, the proposed design antenna was divided
into several parts to simplify the prototyping and metalliza-
tion process after which the parts would be reintegrated and
assembled, using bolts and nuts. The individual parts consist
of the waveguide back cover, the waveguide sidewall, the
horn section, and the quadratic ridge profile, as shown in
Fig. 17. The thickness of the QRHA is set to 5 mm in order
to provide space for installing a bolt in the SMA connector.
This is intended to maintain the smoothness of the inside
surface of the waveguide. The outside structure of the QRHA
was modified to facilitate the process of re-integrating all the
parts precisely. The configuration of the geometry of the outer
surfaces of QRHA is undertaken in such a way that it does not
affect the performance of the antenna.

There are three steps involved in fabricating the proposed
QRHA: 3D printing, metallization, and assembling. The
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FIGURE 17. Parts of proposed 3D printed QRHA: (a) waveguide back
cover, (b) waveguide side walls, (c) horn antenna section, (d) quadratic
ridged profile.

Raise 3D Pro2 Plus printer was used to perform the 3D
printing process with PLA as the main material. The benefit
of using this method is that it presents a simple process by
which the designed antenna can be imported into the printing
machine in order to obtain the prototype as required. This
process also offers a low-cost fabrication process for the pro-
posed QRHA with the possibility of doing mass production.
The quadratic ridge profile with a precise curve shape is
also easily realized using this technique. The next step is
metallizing the surface of all the printed parts with a conduc-
tive material that uses nickel as a row material (Noise Hell
SP-D-02 LACQUER™)_ After the metallization process, all
the parts of the proposed QRHA are assembled. The assembly
process is crucial because it determines whether the resulting
antenna will be produced in the same size as the design. It is
important to ensure that there is no misalignment when the
parts are assembled and that all the parts connected properly
without air gaps between them. Realizations of the proposed
3D printed QRHA before and after the metallization process
are presented in Figs. 18 and 19, respectively. The total weight
of the prototype 3D printed QRHA is around 300g, which is
very light compared to conventional fabrication methods. 3D
printing can produce a product that has a total weight three
times lighter than those made using the CNC method.

IV. CHARACTERIZATIONS AND DISCUSSION

The measurements were experimentally implemented after
the prototype was assembled correctly and installed to the
SMA connector in order to compare these with the simula-
tion results. The characterized experimental parameters were:
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(b)

(c)

FIGURE 18. Realized 3D printed QRHA before metal coating process
(a) perspective view, (b) front view, (c) back view.

(@) (b)

(c)

FIGURE 19. Realized 3D printed QRHA after metal coating process
(a) perspective view, (b) front view, (c) back view.

the reflection coefficient, the isolation between ports, the
radiation pattern, and antenna gain. In order to acquire the
optimum results, the measurement of the radiation pattern
and gain was carried out in an anechoic chamber of the uni-
versity laboratory with the measurement set-up as depicted
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FIGURE 20. Measurement set up of 3D printed QRHA.
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FIGURE 21. Comparison results of reflection coefficient between
simulation and measurement.
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FIGURE 22. Comparison results of isolation between simulation and
measurement.

in Fig. 20. The measurement of gain and of the radiation
pattern used two identical proposed 3D printed QRHAs with
a distance of 1 m. The proposed antenna was installed with
a holder made from styrofoam in order to make a space
between the measurement boards. The purpose for this was
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FIGURE 23. Co- and cross-polarization normalized radiation pattern of
elevation angle.

to minimize reflection from the measurement board so that it
did not affect the antenna radiation pattern.

The characterization results of 3D printed QRHA, illus-
trated in Figs. 21-25, are for the reflection coefficient, the
isolation between ports, the radiation pattern, and gain which
were compared with the simulation results. Fig. 21 shows that
the proposed 3D printed QRHA has an impedance bandwidth
of —10 dB measured in the frequency range of 3.5-11.4 GHz.
Compared to the simulated results, the result obtained is nar-
rower by about 1 GHz, which had an impedance bandwidth
in the frequency range of 4-13 GHz. The narrower measured
operating bandwidth resulted because of the smoothness of
the surface and the irregular thickness on the ridge profile as
was characterized in Section IIC.

The presence of an air gap between the parts that cannot
be avoided in the assembling process is also one of the
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FIGURE 24. Co- and cross-polarization normalized radiation pattern of
azimuth angle.

factors that leads to different results between the simulation
and the measurement. Another factor that induces a different
response from the proposed fabricated antenna is the require-
ment for a long SMA inner connector that is unavailable in
local markets. Instead, the inner connector was extended by
connecting it the other inner using solder, which influences
the impedance value of the connector. In addition, shifts
in the operational frequency occurred in the measurement
results, which were probably caused by the difference in
thickness which could not be avoided during the metallization
procedure, particularly in the inside surface part. As a result,
the dimension alterations of QRHA were affected. However,
based on the measurement results, the fabricated 3D printed
QRHA generated a good performance in terms of the reflec-
tion coefficient and met with the required specifications for
ultra-wide band characteristics.
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FIGURE 25. Comparison results of antenna gain between simulation and
measurement.

Furthermore, isolation between the ports, as depicted in
Fig. 22, shows that the fabricated 3D printed QRHA has
qualitatively the same pattern, although the value of the trans-
mission coefficient that was measured increased in frequency
ranges higher than 6 GHz. Moreover, the isolation between
the ports was more than 20 dB for the section of the operating
frequency that could be reach by the proposed 3D printed
QRHA. From the characterization results, it is inferred that
the proposed 3D printed QRHA can be utilized in applica-
tions which require a wide bandwidth and high isolation in
order to obtain object detection with a high resolution and
deep penetration.

The next characterization of the 3D printed QRHA com-
pared the measured radiation pattern of the fabricated antenna
with one that was simulated. Observation of the radiation
pattern was done in low, middle and high frequency covers;
namely, 5 GHz, 7 GHz, 8 GHz, 10 GHz and 11 GHz. The
measurement of co— and cross-polarization was performed
by altering the excitation port in order to prove the capabil-
ity of the dual-polarization feature. The radiation pattern of
the proposed antenna was carried out in both elevation and
azimuth angles. The measurement results of the normalized
radiation patterns are described in Figs. 23 and 24. Fig. 23
denotes the results of the co— and cross-elevation radiation
patterns, while the co— and cross-azimuth radiation patterns
are shown in Fig. 24.

The results depicted in Fig. 23 reveal that the measured
co-polarization normalized pattern for the elevation angle
has a similar trend with the simulated one, although there
were some different values for several angles. Similar to
a cross-polarization normalized pattern, there were some
discrepancies in the measured with the simulated result,
particularly in low and middle frequencies. In fact, the ele-
vation cross-polarization for 5 GHz had an almost identical
pattern; there was a difference in the power received level,
starting at an angle of 90 degrees. A similar response was
also demonstrated for frequencies of 7 GHz and 8 GHz.
This is because of the limited observation angle used in the
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measurement process. The power received was investigated
towards an alteration position of 10 degrees due to the limita-
tions of the supporting device. Another possible error was the
misalignment of the position of the transmitter and receiver
antennas because these were arranged manually. In addition,
dataretrieval of the power received was performed by observ-
ing the spectrum analyzer which generates fluctuations in
value, so there was a possibility of inaccuracy in reading the
measurement data.

Similar to the elevation angle, the measured normalized
radiation pattern for the azimuth angle was seen as being
the same as the simulation result, although there was a small
difference on a particular frequency, as illustrated in Fig. 24.
The difference between the simulated and measured radi-
ation patterns clearly looks for co-polarization of 7 GHz;
however, the characterizations of the other frequencies are
in accordance with the simulated ones. Based on the mea-
sured radiation pattern, the elevation and azimuth angle for
co— and cross-polarization for various frequencies show that
the proposed antenna yields a good performance for dual-
polarization applications.

Fig. 25 shows the measurement of the antenna gain of
the proposed PLA-based 3D printed QRHA compared to the
simulation results. The simulation results used to compare
with the QRHA had a conductivity of 1.44 x 10° S/m.
The proposed QRHA produced an antenna gain lower than
that of the simulation for low-operating frequencies. This
can be explained by referring to the characterization results
described in Section IIC, Fig. 14 which explains that the
decrease of antenna gain is due to air gaps and surface
roughness. The antenna produces a low gain due to the lossy
nickel conductive material and the impurity of the nickel
particles. Based on the simulation, it can be inferred that the
conductive material of the proposed QRHA contained only
20-40% nickel. Because the antenna is used for detecting and
imaging systems in near range, a low gain antenna can still be
applied to the system.

V. CONCLUSION

The wideband dual-polarized 3D printed QRHA based on
PLA materials has been presented and experimentally char-
acterized. The realized 3D printed QRHA generates a wide
bandwidth and dual-polarization after the insertion of four
ridges with a quadratic profile into the horn parts, thus meet-
ing the requirements for detecting and imaging applications.
A lightweight QRHA with compact and precise dimensions
can be achieved by utilizing 3D printing. The characteriza-
tions of 3D printing show that imperfect fabrication con-
ditions, such as air gaps and irregular thickness, increase
the reflection coefficient value and results in reducing the
antenna bandwidth. Since the amount of conductive mate-
rials (metal) in the antenna was only between 20% and
40%, the gain generated is low. It has been shown that the
realized QRHA provides adequate performances in terms of
the reflection coefficient, the isolation between ports, and
the radiation pattern. The measurement results are also in
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good agreement with those of the simulation, proving that 3D
printing is a promising option in fabricating horn antennas.
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