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ARTICLE INFO ABSTRACT

Communicated by Jang-Kyo Kim This paper presents the design, fabrication, and testing of a high-gain compact 2 x 2 circularly polarized patch
antenna array using 3D printing technology for small satellite 5G communication at 28 GHz. The proposed
antenna demonstrates high efficiency and a low profile, addressing the limitations in design flexibility associated
with traditional PCB fabrication methods. The 2 x 2 array configuration, incorporating via fences, coaxial
vertical feedlines, and a sequentially rotated phased feed network, enhances the antenna’s bandwidth and axial
ratio bandwidth while maintaining compactness, crucial for space-constrained satellite applications. Simulations
optimized key antenna parameters, including reflection coefficient, gain, and axial ratio. Measurement results
validated the simulations, showing an impedance bandwidth of 6.8 GHz and an axial ratio bandwidth of 3.1
GHz, with a peak gain of 6.33 dB. Thermal cycling and electrical tests ensured the antenna’s durability in space
environments, demonstrating its potential for satellite use. These results indicate that 3D-printed antennas offer
advantages in performance, cost, and manufacturing flexibility for satellite communication applications.
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1. Introduction

The market for small satellites is changing rapidly because they are
a cost-effective and multi-purpose solution. The international market of
small satellites grew to approximately 4.91 billion USD in 2023 and is
expected to grow to 18.4 billion USD by 2032, with a compound annual
growth rate of 15.8% [1]. In particular, the use of CubeSats has been
increased in various fields such as earth observation, communications,
and scientific research for low-earth orbit (LEO) missions due to their
rapid production and low cost [2,3].

LEO small satellites require antennas with a high gain and a small
size to be operated in the limited power environments. High-efficiency
antennas have been studied in various directions, including electro-
magnetic bandgap (EBG) structures [4], Huygens source antennas [5],
dipoles with backed cavities [6], and metasurface structures [7-10].
However, although these antennas improve the gain and circular po-
larization (CP) characteristics, they are unsuitable for small satellites.
These structures are large, or their structural stability in space and
launch environments is inadequate due to structures such as air gaps. On
the other hand, among planar antennas, patch antennas are mainly used
in the production of small satellites because of their low profile, light
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weight, and easy assembly. However, patch antennas have a narrow
bandwidth because of their structural characteristics [11]. This draw-
back makes transmission and reception difficult when the Doppler effect
generates a frequency shift [12-15]. To overcome this problem, a patch
antenna structure capable of producing a high bandwidth must be de-
signed.

In a satellite communication environment, maintaining the commu-
nication status between the satellite and the ground, that is, the align-
ment status, is important. Satellites at the LEO positions are likely to
have a horizontal alignment status that does not match with the ground
base station due to their fast orbital speeds [14]. Therefore, CP is con-
sidered an important element for communication independent of the
rotational state of the satellite [3]. Optimizing the high gain and the low
axial ratio (AR) for the operating frequency is important for designing
CP antennas. However, it isn’t easy to match the gain bandwidth and the
axial ratio bandwidth within the same range. Therefore, the main goal of
the research on CP antennas is to improve antenna performance through
design improvement and changes in the fabrication method [16,17]. The
antenna array arrangement effectively improves the directivity and gain
of the antennas, and may increase the narrow bandwidth of the patch
antennas [18]. In CP communications, an AR value of less than 3 dB
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is required. However, in satellite communications, an AR value of less
than 1.5 dB is required by the MIL-STD-188-164A standard of the U.S.
Department of Defense, considering the mutual interference between
satellites and the communications environment [19].

In this study, as a CP antenna array design, we propose a shape in
which the phase of the signal input to each antenna element is different,
thereby enhancing the CP characteristics. This shape allows the direc-
tion of the total electric field vector to rotate according to the phase to
create the CP characteristics. To this end, the feed input to each element
may be put in through a separate coaxial cable [17,20,21]. Because this
method is structurally large and complex, requiring additional circuit
design to control the input to each feed, it is unsuitable for small satel-
lites. Therefore, in the design of this study, we used a one-port input and
a method of inputting it to each antenna element with a different phase
through the feed network. The feedlines connected to each antenna el-
ement must have different path differences to create a phase difference
in this structure. For example, two feedlines must have a path differ-
ence of 1/4 to make the phase difference of the two feedlines 90°. In
many studies on producing antenna arrays, straight feedlines are de-
signed to pursue simplicity in feed network design [22,23]. However,
this straight structure causes resistive loss and an increase in the area
of the feed network due to an increase in the length of the transmission
line [24]. As an alternative, using a sequentially rotated (SR) phased
feed network has been proposed [16,25-32]. This SR phased feed net-
work has a form in which the feedline is arranged in a circular shape
at the center of the array, rather than a straight line, and is operated
such that the signal transmitted through a single circular feedline is dis-
tributed to each port according to the path difference, that is, the phase.
Therefore, the SR feed network structure has the advantage of reducing
the area and resistive loss compared to the linear feed network, and ul-
timately increasing the axial ratio bandwidth (ARBW) and impedance
bandwidth.

The printed circuit board (PCB) fabrication method is mainly used in
conventional patch antenna fabrication. Since there may be a difference
in performance between the design and the actual fabrication result, a
continuous design change process is required to produce the final result.
These design changes and fabrication processes require a lot of time and
cost for the PCB fabrication method. In addition, the multilayer struc-
ture [17,33] in which the feed is arranged in a different layer for high
gain characteristics causes an increase in process steps in this method.
Therefore, the microstrip patch antenna structure, where the antenna
element and feedline are arranged on the same surface, is generally em-
ployed to minimize the cost and manufacturing process [16,34,35]. This
structure causes mutual interference between the feedline and the an-
tenna and spurious radiations [36,37].

The application of 3D printing in antennas has been attempted in
various directions [38,39]. The fabrication of Luneburg lens structure
that can increase the gain value of the antenna by printing dielectric
materials [18,40], the fabrication of a horn antenna through metal print-
ing [41], and the fabrication of antennas through metal printing on a
structure [42] have been proposed. Since antenna applications of this
type mainly allow for the printing of only a single material, the struc-
tures that can be fabricated are limited. However, the emergence of
multi-material 3D printers capable of printing dielectrics and conduc-
tors simultaneously has made it possible to overcome the limitations
in fabrication and design [43-47]. This printing method allows for the
application of microvias, via fencing, and multilayer fabrication used
in conventional PCB fabrication without additional operations such as
separate drilling [48].

In space technologies, including satellite systems, electronic compo-
nents must be evaluated for their reliability under the harsh conditions
of the space environment. These environmental factors encompass the
entire mission profile from the launch phase and orbital deployment
to prolonged exposure in space. During launch, satellite structures are
subjected to severe mechanical and thermal stress, including random
vibrations, high-frequency and low-frequency oscillations, all of which
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can impose significant mechanical loads on structural interfaces and
mounted components [49-52]. Moreover, the extreme thermal fluc-
tuations experienced after deployment, ranging from intense heat to
cryogenic temperatures, can introduce substantial thermo-mechanical
stress to onboard devices. Such stress may lead to deformation or de-
lamination in polymer-based materials, making rigorous environmental
testing critical for space qualification [50,53]. Recent advancements in
3D printing technology have enabled the fabrication of mechanically ro-
bust structures using polymeric materials, which can better withstand
thermo-mechanical stresses encountered in space applications [54]. In
this study, we conducted thermal cycling tests to examine the ther-
mal resilience of the antenna structure, while comprehensive thermo-
mechanical testing is planned as part of our future work.

This study presents a 28 GHz CP 2 X 2 patch antenna array struc-
ture fabricated using 3D printing technology. The printing material used
in the present study has a loss tangent value of 0.016, which is larger
than 0.001 (Duroid 5880) [29] and 0.0009 (Rogers 5880) [5] of the
PCB materials. Thus, the resulting signal transmission loss is relatively
large [55]. We aimed to overcome this drawback by fabricating struc-
tures such as coaxial feedline, SR feed network, and via fencing through
3D printing. In this study, we separated the feed network and patch ra-
diating elements and improved signal output through via fencing. 3D
printing simplified the multilayer structure fabrication process without
a post-process, even though the feed network was separated from the
patch elements. Through space environment tests based on the European
Cooperation for Space Standardization (ECSS), an evaluation reference
for space devices, we demonstrated that the 3D printing material can
be used for space electronic devices. We measured the fabricated anten-
na’s performance, demonstrating that it met the requirements for small
satellite communications.

2. Design of array antenna
2.1. Patch element design

2.1.1. Single element

The characteristics of a patch antenna are determined by geometrical
parameters such as the patch’s width, length, and substrate thickness. A
patch antenna’s resonant frequency f is expressed as follows.

c
2Ly/[e,
Here, c is the speed of light, L is the length of the patch, and &, is the per-
mittivity of the substrate. The width of the patch affects the bandwidth
and gain, and generally, as the width increases, the gain and bandwidth
tend to increase, and as the length increases, the frequency tends to de-
crease [11,56].

The CP radiation characteristics of a CP antenna are confirmed
through the AR. The AR is calculated by the following equation through

fo= (@)

the electric field magnitude of the co-polarization (| E,,_,, |) and cross-
polarization ( Ex—pol ) in CP oscillation [57].
‘Eco—pol + Ex—pol
AR(dB)= 20log (2)
‘Ecofpol - Ex—pol

The polarization of the electric field is not a perfect circle but an el-
lipse, and making this ellipse a circle with an AR value close to 0 dB
is important for implementing CP communications. The antenna fabri-
cated in this study was designed to have an AR value of 1.5 dB or less,
which is the AR criterion for space communications [19].

Fig. 1 shows the configuration of a single patch antenna. The CP
patch antenna is mainly designed as a square patch antenna with the
corners truncated at 45°, with a length S [3]. The square patch’s theo-
retical value of the length L is determined according to the frequency in
(1). In the CP patch antenna, the length L was determined as an optimal
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Patch antenna

Feedline

(b)

Fig. 1. Geometries of single patch coaxial feed antenna. (a) Top view and (b) Cross section view (L = W = 2.96 mm, S = 0.44 mm, D, = 0.60 mm, h = 0.28 mm,

hP = 0.03 mm, r, = 0.405 mm, and r; = 0.20 mm).

L. 6.65 mm

Fig. 2. Configuration of 2 X 2 patch antenna array arrangement.

value through simulation, considering the impedance change due to the
truncated area. To reduce spurious radiation caused by the feedline dur-
ing signal oscillation in the fabricated patch element, the antenna was
vertically connected with the feedline at a position away from the cen-
ter of the patch by a length D, in the form of a vertical coaxial feedline,
rather than a microstrip feedline [36,37,58]. The vertical feedline was
fabricated in a form in which the periphery of the vertical feedline is
surrounded by a cylindrical grounded via to reduce radiation loss.

2.1.2. 2 x 2 patch antenna array

The narrow range of the total impedance bandwidth (IBW) and the
ARBW of a patch antenna makes it difficult to use the patch antenna for
satellite communications. The antenna array alignment is mainly used
to increase the antenna’s bandwidth, through which the antenna’s band-
width is expanded and the gain characteristics are enhanced [3]. Such
an array alignment can enhance the CP characteristics by amplifying the
electric field radiated from each element through constructive interfer-
ence. It significantly increases the ARBW, which is inevitably limited by
structural factors in a single patch. The optimized single patch antenna
shape shown in Fig. 1a was arranged in the array shape of Fig. 2. The
distance between patch elements with high radiation efficiency in the
array method has a theoretical value of 0.71, when only the patch el-
ements are considered [59]. This distance was determined to be 6.65
mm (0.644), a value optimized through simulation by reflecting the di-
electric loss and the entire antenna structure. Here, A is the free space
wavelength. Each patch was rotated 90° to enhance the CP characteris-
tics [31].

Table 1
Geometrical parameters of the SR feed network.

Number  Width w (mm) Length 1 (mm) Impedance Z (£2)
1A 0.400 0.995 37.88
1B 0.568 0.795 33.69
2 0.105 1.583 117.28
3 0.693 1.590 16.80
4 0.255 1.583 55.36
5 0.402 1.590 35.85
6 0.259 1.583 54.46
7 0.089 1.590 148.79
8 0.259 1.583 54.46
s 0.010 0.205 -

2.2. Design of the feed network

2.2.1. SR phased feed network

To transmit signals of different phases with the same size to each
patch element, an SR feed network, as shown in Fig. 3a, was fabricated.
The circular feed elements Z, (Z;, and Z,3), Z3, Zs, and Z, were designed
and arranged in the form of an arc with reference to the same center
point. Through this, the signal is transmitted to each port, that is, the
patch antenna element, through the linear feed elements Z,, Z,, Z¢, and
Zg. In this feed network, the phase delay between the individual ports is
90°, which means that each element of the circular feedline at the center
should have an electrical length of Ag /4 (1.62 mm), where Ag is the
guided wavelength in the dielectric material. The liner line elements Z,,
Z4, Zg, and Zg are quarter-wavelength transformers. Fig. 3b shows the
configuration of the equivalent circuit of the feed network. Since a signal
of the equal power (P;,/4) must be input to each port, the impedance
of each feedline element was set through simulation.

First, according to the basic transmission line theory regarding the
power divider, the impedance ratio at each branch point was calculated
as follows, according to the power distribution ratio.

1 1
Zim =322, Zin=5%  Ziy=Zs 3

Based on this equation, the initial impedance value of the feed net-
work elements was set. Since this initial value reflected power dividing
through impedance only, the geometry was optimized through simu-
lation, considering the phase difference [16,23]. The phase difference
between Ports 2, 3, 4, and 5 should be 90°, which was implemented
through the path difference of the feedlines. A stub (Z,) was added to
adjust the phase and impedance finely. Considering all of these condi-
tions, the parameters of each transmission line were obtained as shown
in Table 1. The SR feed network designed in this way has a size of
0414, X 0.414,, which is as small as 0.35/1g x 0.354, which is the size
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Fig. 3. SR phased feed network: (a) Geometry and (b) Equivalent circuit model:
(w;, = 0.400, w;; = 0.568, w, = 0.105, wy = 0.693, w, = 0.255, w; =
0.402, wy = 0.259, w, = 0.089, wg = 0.259, w, = 0.010, 1;, = 0.995, 1, =
0.795,1, =1, =1y =13 = 1.583,1; = I; = 1, = 1.590, 1; = 0.205, and r; =
1.013) mm, (Z, = 50, Z,, = 37.88, Z,; = 33.69, Z, = 117.28, Z, = 16.80,
Z, = 55.36, Zs = 35.85, Z, = 54.46, Z, = 148.79, and Z = 54.46) Q.

of the SR feed network in a study on miniaturization of a 2 X 2 patch
antenna array [16].

2.2.2. Via fencing for decreasing feedline signal loss

In the design of electronic devices, a via fence connected to the
ground is arranged around the conducting feedline to reduce the ra-
diated loss [60,61]. Among such electronic devices, when a radio fre-
quency device such as an antenna is designed, radiation from the feed-
line rather than the antenna may cause signal interference between lines
and reduce efficiency. A via fence was designed to reduce these problems
and transmit signals to the waveguide structure between the feedline
and the fence [62]. In the via fabrication process of PCBs, vias used
only in specific layers, such as buried vias, blind vias, and staggered mi-
crovias, are difficult to fabricate. Through-hole vias are mainly used,
which reduces the degree of freedom in antenna design. On the con-
trary, by introducing a 3D printing method in the antenna fabrication,
vias with structures such as plate or cylinder shapes were fabricated
without additional drilling, regardless of the layer’s position.

For the horizontal feedline, rather than continuously arranging cylin-
drical vias on the PCB, a vertical plate-shaped via fence was arranged,
a structure that is as close to a waveguide shape as possible. A waveg-
uide similar to a coaxial cable was fabricated when the vertical feedline
was fabricated to connect the layers. Through simulation, the waveg-
uide was designed as a coaxial input cable with a central feedline radius
of 0.10 mm, a metal ground shielding cylinder radius of 0.405 mm, and
an impedance of 50 Q.

Fig. 4 shows the simulation results of S-parameter and phase dif-
ference when a via fence is present or absent in the feed network,
respectively. In Figs. 4a and 4b, it was confirmed that when the via
fence was present, the same level of power was transmitted and the
phase difference was also close to 90° in the frequency range from 27
GHz to 29 GHz. Figs. 4c and 4d show that when the fence was absent.
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Despite that, the phase difference between individual ports was about
90°, it was not uniform, and the power difference between individual
ports was large in the frequency range. This signal imbalance may be
due to the above-described signal interference between feedlines and ra-
diating loss. These results indicate that the bandwidth was widened by
via fence.

2.2.3. Assembly of antenna elements for array displacement

Fig. 5 shows the overall antenna structure in which the optimized
antenna array elements, SR feed network, and via fence structures are
connected with feedlines. Each patch radiating element is connected to
an SR feed network, and this feedline stably transmits signals through
the via fence structure. The thicknesses of the layers in which each struc-
ture was located were as follows: h; = 0.28, h, = 0.23, h; = 0.23, h,
= 0.40, and hy = 0.15 mm. The thicknesses of the remaining printed
horizontal metal layers were all 0.05 mm. Since the fabricated antenna
was connected to an external signal source through a horizontal connec-
tor, the feedline of the bottom layer was exposed as a microstrip line.

2.3. Antenna design: simulation results

Fig. 6 shows the results of simulating the performance of a single
patch antenna and a patch antenna array. The IBW value correspond-
ing to .S; < —10 dB of a single patch was 2.05 GHz, the gain value at
the target frequency of 28 GHz was 5.36 dB, and the bandwidth was
3.60 GHz. About the CP characteristics, the ARBW corresponding to
AR< 3 dB was 0.39 GHz, which was narrower than the IBW, and the
AR value at the target frequency also failed to satisfy the AR value of
less than 1.5 dB recommended for space communications.

In the case of the patch antenna array, the AR and gain characteris-
tics were improved. The IBW was 6.20 GHz, the ARBW was 3.49 GHz,
the gain was 9.31 dB at 28 GHz, and the gain bandwidth was 2.97 GHz,
which are increased values compared to the single patch antenna. The
S-parameter value at the target frequency of 28 GHz also decreased from
-11.47 dB to -13.87 dB, indicating reduced signal loss.

2.3.1. Far field simulation

To use the designed antenna as a space antenna, a goal was set for
the range of gain and AR angular width to cover § = +£10° based on the
vertical direction [16]. Figs. 7a and 7b show the gain radiation patterns
of a single patch antenna and a patch antenna array. The radiation pat-
tern of the single patch antenna was symmetrical to the two ¢ planes
and had a gain deviation of below 3 dB. In the patch antenna array, it
was confirmed that the radiation direction was not vertical but tilted in
the 8 = 5° direction when ¢ = 0°. Nevertheless, since the gain deviation
in the +£10° range was less than 3 dB, it was judged that stability can be
guaranteed even in long-distance communications.

Figs. 7c and 7d show the AR radiation patterns of a single and a patch
antenna array. Unlike its gain characteristics, the single patch antenna
has a narrow angular width, so only a part of the region of § = +10° ex-
hibited a gain deviation value of less than 3 dB, making it limiting stable
CP signal radiation. The patch antenna array showed an AR value of less
than 1.5 dB in the entire region of § = +10°. These results imply that
an antenna that satisfies the 1.5 dB value required for satellite commu-
nications can be implemented through the array structure.

3. Experiment results
3.1. Qualification of 3D printing materials for space environment

We herein demonstrate a method for fabricating antenna electronic
devices by simultaneously printing dielectrics and conductors, which
can replace the PCB fabrication method. The equipment used for 3D
printing in this study was DragonFly 3D printer (Maximum printing
size: 160 mm X 160 mm X 3 mm, Minimum pixel width w = 36 um,
and Minimum layer thickness t = 10 um) (NanoDimension, Israel), and
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Fig. 4. Simulated performance of feed network: (a) S-parameters with via fences, (b) Phase difference of the signals between the output ports with via fences, (c)
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Fig. 5. Geometries of patch antenna array with sequentially rotated phase feed
network: (a) Top view and (b) Cross section view: (h; = 0.28, h, = 0.23,h; =
0.23, h, = 0.40, and h; = 0.15) mm.

acrylate series ink (¢, = 2.83, tané = 0.016, and Maximum curing tem-
perature T = 180 °C) was used as a dielectric, and silver nano-particle
ink was used as a conductor [55]. This inkjet printing method creates
a PCB structure by spraying conductive and dielectric ink through hun-
dreds of nozzles.

Unlike the Earth’s environment, the LEO environment undergoes ex-
treme temperature changes from 380 K to 240 K, depending on the
presence or absence of sunlight in a vacuum environment [63]. There-
fore, materials that cause minimal environmental damage or perfor-
mance degradation should be used when designing electronic devices
for artificial satellites. Its durability and chemical stability in the space
environment must be confirmed to confirm the possibility of using the
3D printing material used in this study as a satellite antenna.

An outgassing test is a test to examine the possibility that gases or
organic molecules on the surface or inside of a material may be released
in a vacuum or high-temperature environment to cause deformation
of the material or damage to surrounding components. In the present
study, we conducted a test evaluation to examine whether the out-
gassing conditions are satisfied in a space environment based on the
ECSS-Q-ST-70-02C of the European Space Agency using the Collected
Volatile Condensable Materials System (VMT, Korea) equipment [64].
The evaluation items for measuring the mass changes were the total
mass loss (TML), collected volatile condensable materials (CVCM), and
recovered mass loss (RML). Regarding the measurement environment
for each evaluation item, the TML of a specimen is measured for 24
hours in a high-vacuum chamber at 125 °C. The CVCM of a collector
plate is measured by placing it in a chamber with a specimen in a high-
vacuum environment at 125 °C. The RML is measured 24 hours in a
thermo-hygrostat chamber at 23 °C and 55% relative humidity. The re-
sults of this outgassing test are summarized in Table 2. It was confirmed
that all test results for each item met the material outgassing evaluation
criteria.
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Table 2

Comparison of outgassing ECSS-Q-ST-70-02C standards and 3D printed
patterns test results.

Test Measurement result ECSS-Q-ST-70-02C standard Test result
TML 0.580% <1.0% Fine
CVCM  0.003% <1.0% Fine
RML 0.320% <1.0% Fine

Space environment verification of the printing materials was per-
formed based on the PCB material evaluation standard document ECSS-
Q-ST-70-10C [65]. The evaluation items were the interlayer insulation,
intralayer insulation, and continuity, which were configured to confirm
the electrical characteristic changes in the space environment.

Fig. 8 shows the specimens fabricated through 3D printing to verify
the electrical characteristic changes in the space environment. Fig. 8a
shows a pattern for verifying the intralayer insulation, and the pattern
consisted of parallel lines that were not electrically connected and were
arranged with a spacing of 0.5 mm on the same plane. Fig. 8b shows a
pattern for verifying the interlayer insulation, and the pattern consisted

of two parallel metal plates with a spacing of 2 mm that were not elec-
trically connected and were arranged in intervals of 0.5 mm. Through
these two patterns, the insulation performance of the dielectric used in
the printing process can be verified. Fig. 8c shows a 52-daisy chain via
pattern. The electrodes at both ends were electrically connected to the
vias with a diameter of 1.8 mm to confirm the possibility of abnormal
electrical conductivity.

The electrical and thermal characteristic verification patterns are
shown in Fig. 8. The temperature range was from -60 °C to 140 °C, and
the number of thermal cycles was 200. The thermal test was applied
using a TCC-150 thermal cycle chamber (Espec, Japan). The electrical
characteristics of the patterns and their changes before and after the
environmental change were evaluated.

For the insulation patterns shown in Figs. 8a and 8b, the insulation
resistance and withstanding voltage were measured using a DU-3315
Hi-Pot Tester (Delta United, Taiwan). The resistance between the two
electrodes was measured after a voltage of 500 V had been applied to
measure the insulation resistance. The measurement results of both the
intralayer and interlayer patterns before and after the thermal cycling
were above 10° MQ. Two withstanding voltage tests confirmed that the
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Fig. 8. The printed space environment test patterns for electrical properties of (a) intralayer insulation, (b) interlayer insulation, and (c) Daisy chain continuity.

Table 3
Comparison of outgassing ECSS-Q-ST-70-10C standards and 3D printed patterns test results.
Test Specification ~ ECSS contents ECSS standards Measurement  Evaluation
Intralayer 7.2.8.2 >10* MQ >10° MQ Fine
Insulation before thermal cycling 7.2.8.4 <100 uA at 500 Vi, 10 pA Fine
Interlaver 7.2.8.3 >10° MQ >10° MQ Fine
Y 7.2.8.4 <100 pA at 500 V,,, 11 pA Fine
Intralayer 7.5 >10° MQ >10° MQ Fine
Insulation after thermal cycling 75 <100 pAat 500 Vi, 13 1A Fine
Interlaver 7.5 >10* MQ >10° MQ Fine
Y 75 <100 pAat 500 V,,, 5 pA Fine
Conductivity before thermal cycling  Daisy chain 7.2.8.5,7.2.8.6  Dispersion<10% 0.40% Fine
Conductivity after thermal cycling Daisy chain 7.2.8.5,7.2.8.6  Dispersion<10% 0.40% Fine

| 20 mm |

Via fence

20 mm

I Patch

(a)

Patch

«— Coaxial via fence

Feedline

1 mm

(b)

Fig. 9. Photograph of 3D printed single patch antenna: (a) Top view. (b) Cross-section view.

leakage current of the test patterns was under 100 pA at 500 Vo with
50 Hz. The measurement results satisfied the criteria in the thermal cy-
cling test, as summarized in Table 3.

In Fig. 8c, the conductivity of the electrical continuity test pattern
was shown. The average measured resistance was 0.92 Q and the dis-
persion was 0.40% before the thermal cycling, and was 0.96 Q and the
dispersion was 0.05% after the thermal cycling. In addition, the resis-
tance change rate before and after the thermal cycling was found to
be 4.35%. When used as an electrically conductive element, the electri-
cal conductivity can be maintained even under thermal changes in the
space environment.

Through these verification processes in the electrical and chemical
space environments, we confirmed that the antenna devices fabricated
from the 3D printing materials can be used in the space environments.

3.2. Fabricated antenna measurements
3.2.1. 3D printed antennas

Fig. 9 shows a 3D printed single patch antenna. The antenna was
fabricated with a size of 20.00 mm x 20.00 mm X 1.55 mm and in-

cluded two holes for fixing and connecting a connector. In Fig. 9a, a
metal plane was disposed on the top portion to connect with the ground
plane of the connector as widely as possible.

Fig. 9b shows the antenna cut vertically to confirm the internal print
status and the presence of feedline connections. Both the thickness of the
patch and the feedline satisfied the design size. Although the structure
may not be considered identical to the design due to the characteristics
of the inkjet printer, the electrical connection between the patch and
the feedline and the coaxial feedline and cylindrical shielding structure
were stably fabricated.

Fig. 10 represents the patch antenna array fabricated by using 3D
printing and designed in Fig. 5. The antenna was fabricated with a size of
20.00 mm x 24.00 mm X 1.56 mm and included two slots for fixing and
connecting a connector. Through the vertical cross-section of Fig. 10b,
the printed shape of the electrically connected metal lines leading to
the vertical via feedline, coaxial ground shielding, and feed network
was formed as designed. In Fig. 10c, the physical contact was made
between the connector and the microstrip line of the bottom layer so
that the signals could be transmitted. The SR feed network in Fig. 10d
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Fig. 11. Far-field measurement in a fully mmWave anechoic chamber with experimental setup system.

was electrically connected to each antenna element, and the circular
power divider structure in the center was fabricated as designed.

3.2.2. Measurements of antenna performance

Fig. 11 shows the mmWave anechoic chamber (Korea Radio Pro-
motion Association, Korea) for far field measurement of the fabricated
antenna. The chamber was electromagnetically isolated from the out-
side, and the polarization and radiation pattern were measured through
the rotation angle and position change with respect to the linearly po-
larized horn antenna. In the far field analysis, the radiated power and
polarization were measured to the vertical and horizontal axes, that
is, at ¢ = 0° and ¢ = 90° by connecting the network analyzer (Agilent
E8362C, USA) to the fabricated antenna and the horn antenna. The AR
radiation pattern, which determines the gain and CP performance, was
measured using the measurement results.

Fig. 12 shows the results of measuring the radiation performance
of each fabricated single patch antenna and patch antenna array. The
IBW value of the single patch was 8.86 GHz, and the gain value at the

target frequency of 28 GHz was -1.31 dB with a bandwidth of 4.5 GHz,
indicating that the antenna radiation performance was lower than the
predictions by the simulation. In addition, in this study, the AR value,
which is important in the CP characteristics, was found to be 3.30 dB at
the target frequency of 28 GHz, confirming that CP communication was
impossible.

Compared to the single patch, the patch antenna array exhibited im-
proved AR and gain characteristics with an IBW of 8.00 GHz, an ARBW
of 3.10 GHz, a gain of 6.44 dB at 28 GHz, and a gain bandwidth of 2.70
GHz, as the simulation results shown in Fig. 6, demonstrating perfor-
mance that allows the patch antenna array to function as a CP antenna.
This improvement in bandwidth and radiation performance suggests
that the antenna arrangement in an array structure could be a method
for improving performance despite the insufficient performance of in-
dividual antennas and that the array structure can be used for satellite
communications by reducing the AR value to less than 1.5 dB.

Figs. 13a and 13b show the radiation patterns for the gain of a sin-
gle patch antenna and a patch antenna array. The single patch antenna
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Fig. 12. Comparison of the measured performance between single patch antenna and patch antenna array: (a) Reflection coefficient, (b) AR, and (c) Gain.
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Fig. 13. Comparisons of measured gain radiation patterns (a) in the ¢ = 0°, and (b) in the ¢ = 90° and axial ratio radiation patterns (c) in the ¢ =0°, and (d) in the

¢ =90° of single patch antenna and patch antenna array at 28 GHz.

exhibited a low radiation efficiency value, which tended to be lower
than the simulation value. In the patch array antenna, the deviation of
gain value in the region of § = +10° at the target frequency of 28 GHz
was less than 3 dB, as predicted in the simulation. The angular width
was 35.5° and 35.7° at ¢ =0° and ¢ = 90°, respectively. As predicted
from the simulation in Fig. 7, the CP characteristics of the single patch
antenna in Figs. 13c and 13d show the angular width of gain and AR
narrower than 6 = £10°. This indicates that the single patch element
structure is difficult to serve as a CP antenna. In the patch array an-
tenna, the angular width of less than 3 dB was found to be 43.6° and
95.5° at ¢ = 0° and ¢ =90°, respectively, and the values were less than
1.5 dB at some angles. This demonstrates the radiation performance im-
provement enabled by the array structure.

Figs. 14a and 14b show the gain radiation patterns at 27, 28, and 29
GHz. At 27 GHz, a decrease in the gain value of the patch array antenna
and a change in the radiation angle in a direction other than the vertical
direction were observed. In the case of 29 GHz, it was found that the gain
value was similar to that at 28 GHz. The radiation angle was maintained
in the vertical direction. In Figs. 14c and 14d, the radiation performance
satisfied the CP characteristic with an AR value of less than 3 dB in

the § = +10° range not only at 28 GHz but also at 29 GHz, indicating
that stable CP communications may be possible in this frequency range.
These measurement results suggest that this 3D printed antenna array
may satisfy space antenna criteria by improving the current structure.
The AR value is less than 1.5 dB in only some regions but not in the
entire § = +10° range.

In addition to measuring the radiation pattern, we measured whether
there is an omnidirectional radiation pattern that is symmetrical and
oriented vertically for azimuths of the antenna other than ¢ = 0° and
¢ =90°. Fig. 15a shows a 5G measurement chamber (C&G Microwave,
Korea) connected to the network analyzer (Keysight PNA N5227B5G,
USA), which can simultaneously measure radiation patterns in 3D
through the sensors arranged therein. Fig. 15b shows the results of
measuring the radiation pattern of the patch antenna array using this
equipment. The fabricated patch antenna array had an ARBW value of
3.10 GHz, which is wider than 1.55 GHz of the PCB-fabricated antenna
[29]. These results indicate that the fabricated patch antenna array has
a CP radiation performance compared to the PCB patch antenna fabri-
cated by a conventional method.
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Fig. 15. (a) Far-field gain measurement in a fully 5G anechoic chamber with
experimental setup system and (b) the 3D far field gain pattern of the patch
antenna array at 28 GHz.

4. Conclusion

This study demonstrates the feasibility of using 3D printing technol-
ogy to fabricate a compact 2 X 2 circularly polarized patch antenna

10

array for small satellite communication at 28 GHz. The proposed an-
tenna shows promising performance in gain and circular polarization
characteristics with the array displacement method and via fence struc-
ture with a separated sequentially rotated feed network, addressing the
limitations of traditional PCB fabrication. Simulation results show that
the arrayed antenna achieves an impedance bandwidth of 6.20 GHz,
the axial ratio bandwidth of 3.49 GHz, and a 28 GHz gain of 9.31 dB.
Measurement results demonstrate that the arrayed antenna achieves an
impedance bandwidth of 8.00 GHz, an axial ratio bandwidth of 3.1
GHz, and a 28 GHz gain of 6.44 dB, which is well matched to the pre-
diction of the array structure tendency from simulation results, which
indicate that array displacement increases antenna performance. These
performance metrics represent improvements over conventional patch
antennas, enhancing the reliability of high-frequency communication
in terms of compactness and circularly polarized antenna efficiency.
Additionally, thermal cycling tests confirmed the antenna’s durability
in space environments, demonstrating its potential for space and small
satellite applications.
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