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ABSTRACT Additive manufacturing (AM) enables the development of rapid, low-cost prototypes for ad-
hoc and on-demand manufacturing to repair and keep up the continuous operation of systems, especially
in time-sensitive scenarios where the system recovery cannot wait for the shipment of new components.
Therefore, the industry, military, and academia continue to invest in these technologies to potentially achieve
novel 3D geometries based on high-temperature dielectric and conductors to endure harsh environments,
such as commonly found in the oil and gas, defense, and aerospace sectors. This paper reports the
electromagnetic properties of 3D-printed Y'ttria-Stabilized Zirconia (YSZ) for 2-6 GHz and the DC and RF
effective conductivity of sintered platinum ink, where the dissipative losses of the additively manufactured
coplanar waveguides (CPWs) are less than 0.05 dB/mm when the frequency is below 4 GHz. In addition,
the AM CPWs are exposed to thermal cycling up to 600 °C to study the material’s thermal fatigue and
potential degradation. However, the samples do not exhibit appreciable degradation after thermal cycling.
Also, a two-layer back-fed antenna based on 3D-printed YSZ and platinum ink is designed, manufactured,
and tested. Results show a measured gain of 2.5 dBi and a front-back ratio of 9.6 dB at 4.1 GHz.

INDEX TERMS Additive manufacturing,

antenna,

ceramic substrate, coplanar waveguide, high-

temperature antenna, material jetting, microdispensing, platinum, stencil printing, thermal fatigue,

zirconia.

. INTRODUCTION

IRELESS sensing in harsh environments has become

a prominent field of study during the last two decades,
especially in the oil and gas, defense, and aerospace sec-
tors. High temperature is one of the prevailing physical
conditions in aircraft and spacecraft’s operating environ-
ment, where it can reach temperatures up to 2760 °C when
they approach hypersonic speeds [1], [2]. Therefore, it is
essential to use high-temperature dielectric and conductive

materials to survive such extreme conditions and avoid over-
heating the components of the communication systems in the
space launch vehicles or aircraft. Furthermore, as the Mach
number increases under hypersonic conditions, the antenna
systems are prone to high-temperature ablation and large
temperature gradients, leading to changes in the material’s
electrical properties that affect the antenna parameters such
as impedance bandwidth, radiation pattern, antenna gain,
antenna beamwidth, among others.

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

VOLUME 3, 2022

1289


HTTPS://ORCID.ORG/0000-0003-0701-175X
HTTPS://ORCID.ORG/0000-0002-9356-1223
HTTPS://ORCID.ORG/0000-0001-7162-3035

MEJIAS-MORILLO et al.: HIGH-TEMPERATURE ADDITIVELY MANUFACTURED C-BAND ANTENNAS

Wireless sensors have found their way into the aerospace
industry since the emergence of the wireless sensing topic
in the mid of the 1990s. The wireless sensing technology
provides many benefits, such as low power consumption,
low-cost maintenance, low weight, easy installment, and high
reliability [3], [4]. The multiple advantages of wireless sen-
sors have exponentially increased the interest and demand
for passive wireless sensors in high-temperature environ-
ments such as gas paths and blades of gas-turbine engines
to monitor their real-time health since combustion turbines
are the primary propulsion system for commercial and mili-
tary aircraft [4], [5]. Therefore, the wireless communication
system, i.e., the interrogator antenna and the sensors, must
withstand the aircraft engine’s extreme conditions, where
the corrosive-gas environment can reach a temperature up to
1600 °C.

Similarly, space exploration for the inner part of the
Solar system, i.e., Venus, Mercury, and the Sun, requires
RF/microwave devices to operate for thousands of hours
at high temperatures. The National Aeronautics and Space
Administration (NASA) is currently working on a small
probe, called Long-Lived In-Situ Solar System Explorer
(LLISSE), to receive and transmit low data volume measure-
ments from the Venus surface for at least 60 Earth days [6].
In addition, the European Space Agency (ESA), in coopera-
tion with the Japan Aerospace Exploration Agency (JAXA),
sent a space probe to Mercury in 2018, which comprised of
two orbiters: Mercury Planetary Orbiter (MPO) and Mercury
Magnetospheric Orbiter (Mio). These two spacecraft will be
orbiting the planet at the same time by 2025 [7]. Beyond
that, the scientific community demands continuity of space
exploration of Mercury, by using landed probes to under-
stand Mercury’s thermochemical evolution better. However,
landed probes must be capable of enduring high temperatures
up to 400 °C.

Ceramic materials have been extensively adopted in the
aerospace industry since the late 50’s for high-temperature
applications. Ceramics have unique characteristics such as a
high melting point and good mechanical properties, besides
being chemically inert [8], [9]. However, ceramic processing
requires specialized tools and many hours of labor to meet
the design specifications, making it expensive and compli-
cated, particularly for prototyping. Furthermore, conventional
ceramic processes typically constrain the geometry of the
object.

Since additive manufacturing (AM) can enable low-cost
rapid prototyping, ad-hoc fabrication, and repair of passive
microwave components to maintain the continuous operation
of wireless communication systems, the research community
continues investigating AM techniques to create 3D-printed
microwave devices using ceramic thermoplastic compos-
ites, as well as ceramic-resin composites for enduring high
temperatures [10], [11], [12], [13]. E.g., It has been demon-
strated that a 3D-printed Zirconia helical antenna with a
reduced radar cross-section has a similar performance to
conventional metal antennas [13]. Furthermore, [12], it has
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been shown that 3D-printed Zirconia dielectric resonator
antennas (DRA) exhibit a dielectric constant of 23 and a
loss tangent of 0.0013. Also, laser-based digital manufactur-
ing techniques have been used to achieve high-temperature
wireless sensors [14]. Electromagnetic properties that make
them suitable for designing smaller and superior high-
efficiency antennas. However, no previous works have char-
acterized the antenna performance after a high-temperature
exposure.

Regarding high-temperature environments, the material
properties of the antenna are temperature dependent due
to the chemical reactions caused by the heat increments.
Therefore, the design of high-temperature antennas must con-
sider that the metal layers have low chemical reactivity to
avoid oxidation and corrosion caused by the heat of the harsh
environment [15], [16]. Noble metals, such as platinum (Pt),
silver (Ag), palladium (Pd), gold (Au), Rhodium (Rd), and
Iridium (Ir), are highly resistant to corrosion, as well as the
alloys made of them [17]. Platinum is the most widely used
noble metal in harsh environment applications due to its high
melting point (1768 °C) and low chemical reactivity at high
temperatures. Studies have reported the use of platinum for
passive wireless sensors and antennas, as shown in [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28]. However,
the thermal behavior and the RF characteristic of a micro-
dispensed platinum ink have not been documented at this
time.

This work compares the electromagnetic properties of an
antenna based on a commercial Yttria-Stabilized Zirconia
(YSZ), and a material jetted 3D-printed YSZ, where the
relative permittivity is extracted from the S-parameters of a
coplanar waveguide (CPW) placed on the top of the ceramic
substrates. In this paper, both materials are measured, and the
results show similar values of high permittivity and losses up
to 6 GHz. Furthermore, the DC conductivity and effective RF
conductivity of the sintered platinum ink are characterized
at room temperature and after nine cycles at high tempera-
ture (600 °C). Note that the CPW samples made of ceramic
substrates and the platinum ink exposed to high-temperature
cycles do not exhibit appreciable thermal fatigue or signifi-
cant degradation of the RF performance. Additionally, a fully
3D-printed CPW back-fed antenna using Direct-Ink-Writing
(DIW) is designed, manufactured, and tested. The additively
manufactured antenna is based on combining material jet-
ting and ink micro-dispensing to create the ceramic substrate
and the metal layers, respectively. As a result, the 3D-printed
antenna shows a gain of 2.5 dBi and 3.9% of the bandwidth
for return loss > 10 dB at 4.1 GHz. Fig. 1 shows an illustra-
tion of an additively manufactured back-fed antenna based on
material jetting and microdispensing in a high-temperature
environment.

Il. ADDITIVE MANUFACTURING PROCESS

This paper presents a fully additively manufactured antenna
by combining two manufacturing processes, i.e., material
jetting and microdispensing. The first method creates a
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FIGURE 1. Additively manufactured antenna in a harsh environment.
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FIGURE 2. XJET Carmel 1400C (xjet.com) and an example spatially-varying zirconia
lattice with 1 mm unit cells.

3D-printed ceramic substrate, and the second produces a
metal film of the antenna pattern on both sides of the ceramic
substrate with conductive ink that endures high temperatures.
A second traditional manufacturing method, stencil printing,
is used to manufacture a second antenna for benchmark of
the fully additively manufactured version.

A. MATERIAL JETTING PROCESS

Material jetting is one of the seven additive manufacturing
categories as defined by the ASTM F42 Standard [29]. The
ink-jet-based process employs the ejection of a fluid, typi-
cally with viscosity limited to between 20-40 cP [30], [31],
and employs hundreds of ink jet ports allowing for rapid
multi-material parallel deposition. Recent developments in
solution-based ink jetting in which nanoparticles are deliv-
ered in the liquid (serving as a carrier solution) have pro-
duced ceramic parts with high-resolution features. The XJet
Carmel 1400C 3D printer used in this study, shown below
in Figure 2 (left), relies on NanoParticle Jetting ™ (NPJ),
which is a type of solution-based material jetting. This
approach involves the dispersion of nanoparticles of either
metal or ceramic suspended in a liquid solution. With
the resolution of ink jetting (20 um after sintering and
shrinkage), intricately-detailed geometries have been fab-
ricated with a layer thickness of about 10 pum [32]. A
thermal post-processing sintering stage (typically 1450 °C
for 40-60 hours) is required for the nano-sized particles to
reach nearly-full density as a structure [32]. Fig. 2 (right)
illustrates a spatially-varying lattice with 1 mm unit cell
size and strut and beam features with widths as low as
250 pm.
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B. MICRODISPENSING PROCESS

The metal patterning on the ceramic substrate is created
by a SmartPump placed into a nScrypt 3Dn-Tabletop. The
SmartPump is a positive-pressure pump where liquids or
pastes, pressurized with air on a dispensing barrel, are micro-
dispensed using a vertical valve close to the dispensing
nozzle to control the material flow. The SmartPump achieves
dispensed volume control out of the nozzle in the order of
a hundred picoliters. The ink is pushed through a ceramic
nozzle with an inner diameter of 125 um, and an outer diam-
eter of 175 um. The positive pressure in the pump is set at
7 psi while the dispensing nozzle moves at 15 mm/s at 80
um above the surface to ensure a uniform ink distribution
along the surface. Fig. 3 shows the result of microdispensing
platinum ink on a ceramic substrate using the SmartPump
of a nScrypt system. Once the ink patterning of the layer is
done, the ink rests for 10 min. Then, the ink is dried at a
low temperature between 120 - 125 °C for 30-60 min under
air atmosphere conditions to evaporate the organic agents of
the conductive ink and increase the mechanical strength and
the electrical conductivity of the metal traces.

lll. MATERIAL CHARACTERIZATION

A. HIGH-K ADDITIVELY MANUFACTURED CERAMIC
SUBSTRATE

This paper compares the electrical properties between the
commercial YSZ and the 3D-printed YSZ. The electrical
permittivity of the material is extracted from the propagation
constant (y = « +jB) based on the S-parameters of a CPW
transmission line as described in [33]. Note that the CPW
method enable a wideband characterization of permittivity by
using a single 3D-printed sample, which are usually doable
considering the size restriction of 3D printers. The material
permittivity is calculated as

Seﬁr—l
q

r =

+1 (1
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FIGURE 4. Geometric parameters of the CPW.

where ¢ is the dielectric filling factor that depends on
the CPW geometry. The effective dielectric constant g is
defined as £ ;;“2 , considering that w is the angular frequency.

An LPKF [fTL4 laser machine processes the 0.94 mm thick
commercial substrate, which is doped with 3.5% mol density
of yttria, to get square YSZ samples of 15 mm x 15 mm,
while an XJET 1400C Carmel system creates a 24.6 x 24.8
x 1.57 mm? YSZ sample.

To pattern the conductive traces and ground plane of the
CPW, a 60 pum thick PET tape is laser-cut by the LPKF
Protolaser U4 to create a stencil of the CPW, which is placed
on the substrate, as shown in [34]. The LPKF Protolaser U4
uses a 355 nm wavelength UV laser with a ~20 um diameter
focus, which enables the micro-machining of the PET tape
to create the PET stencil without damaging the substrate
below. First, the PET tape is cut by the LPKF Protolaser
U4’s default properties of the top isolation task from the
structure toolpath. Once the cut is done, the PET tape is
removed in the areas that will be filled with conductive ink.
Then, the conductive ink is distributed uniformly over the
PET stencil by a metal squeegee blade with a bevel angle
of 20°C. Since this stencil printing is a manual process,
there is no control of the squeegee angle and print speed.
Finally, the conductive ink is dried in the same condition as
the microdispensed ink.

The dimensions of the CPW line to create the PET stencil
are shown in Fig. 4, where the central strip (w) is 1 mm
width, and the slot (s) is 0.5 mm width. The CPW lines
are made of Dupont CB028 silver paste to benchmark the
electromagnetic properties of the ceramic substrates before
exposing them to high temperatures since it dries at a low
temperature of 120 °C for 30 min without requiring sintering
later. The CBO028 silver past has been extensively character-
ized [11], [35], [36], making an optimal ink to explore the
properties of new dielectric materials. After the ink is cured,
the PET stencil is removed, and an LPKF U4 laser machine
processes the CPW line to remove the remaining ink in the
slots of the CPW.

Fig. 5 shows the result of laser processing the stencil-
printed CPW using silver ink for both samples, the
3D-printed YSZ substrate and the commercial YSZ substrate.
The stencil transfer efficiency is verified by the aperture area
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(a) CPW on commercial YSZ (b) CPW on 3D-printed YSZ

FIGURE 5. Laser-processed stencil-printed silver CPW on commercial YSZ and
3D-printed YSZ substrates (scale in cm).
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FIGURE 6. Dielectric properties of commercial YSZ and 3D-printed YSZ using silver
stencil-printed CPWs.

ratio, which is calculated based on the CPW dimensions and
the PET tape thickness. The three apertures of the CPW
line have a ratio greater than 0.66, which guarantees that
most of the ink is transferred to the ceramic substrate. A
Filmetrics 3D optical profilometer, model Profilm3D, mea-
sures the surface profile of the dried silver ink, which shows
a mean thickness of 12 um. By comparing this result with
the microdispensed shown in [37], the thicknesses of the
dried silver ink are similar, confirming that the ink transfer
by the PET stencil is satisfactory.

B. ELECTROMAGNETIC CHARACTERIZATION OF
COMMERCIAL AND 3D-PRINTED YSZ

A Keysight N5227B PNA and two GGB Picoprobe 40A-
GSG-1250-DP probes are calibrated from 2 GHz to 6 GHz
using SOLT standards on a GGB CS-10 calibration sub-
strate to measure the S-parameters of the stencil-printed
silver CPW samples. Fig. 6 exhibits the electrical proper-
ties of the commercial YSZ sample and the 3D-printed YSZ
sample extracted by measuring the S-parameters of the sil-
ver CPW samples. The relative dielectric constant of the
3D-printed YSZ at 5 GHz is 36.5, while the commercial
YSZ at 5 GHz is 35.5. Fig. 6 also suggests that the con-
tribution of the dielectric losses in the attenuation constants
is slightly higher for the 3D-printed YSZ since both sil-
ver CPW samples are created with the same ink and the
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same manufacturing process. The additional losses in the
dielectric can be attributed to the remaining impurities and
porousness presented after sintering the ceramic substrate.
Both samples show a peak in the attenuation constant around
3.6 GHz, which is an effect of the half-wave resonance of
the transmission line, as described in [38].

Attenuation constant measurements show that the CPW
dimensions allow propagation of high-order modes after
~ 7 GHz, which is consistent with the theoretical estimation
in [39] eq. (2).

1

x = 2
. Max{h, 5 +s+g}+/2mo€o(e, — 1) @

C. ESL-5542 INK - PLATINUM INK

Since platinum (Pt) is a noble metal that withstands corrosive
environments and high temperatures, this paper studies the
electrical properties of an unfritted platinum ink called Ferro
5542 (ESL legacy), which is used to metalize the traces of the
CPWs and the high-temperature antennas on the commercial
and 3D-printed YSZ substrates.

1) PROPERTIES

Ferro 5542 is a commercially available fritless platinum met-
allization compatible with ceramic substrates. In earth-bound
applications, it is stable to 900 °C. It is primarily used in gas
sensors and solid oxide fuel cell applications. These proper-
ties make it worth evaluating in space applications operating
at sustained high temperatures. This ink or paste is formu-
lated for the screen printing deposition technique, not for
stencil printing. However, as demonstrated in this study, this
platinum ink can also be deposited using additive manufac-
turing techniques. The Ferro 5542 platinum ink can be fired
in the range of 950 °C to 1.300°C.

2) DC ELECTRIC CONDUCTIVITY MEASUREMENT

A 100 mm? square patch is stencil-printed on a 0.9 mm thick
YSZ commercial substrate using platinum ink, which rests
for 10 min at room temperature to level the ink before drying
it. Then, the ink is dried at 125°C for 1 hour. Later, the
platinum square patch is sintered, i.e., raising the temperature
at a rate of 30 °C/min until it reaches 980 °C, which is held
at the peak temperature for 10 min, and then, the sample is
cooled down to ambient temperature.

A Filmetrics 3D optical profilometer, model Profilm3D,
extracted the surface profile of the platinum square patch
before and after sintering, and it shows that the thickness
of the platinum traces shrinks from 5 um to ~ 3.5 um,
equating to an approximate 30% shrinking during sintering.

The 10 x 10 mm? square patch is used to calculate the
electrical conductivity of the sintered platinum ink by the
four-point probe method shown in [40], where the electrical
current is set at 0.3 A to get a detectable voltage. Considering
that the thickness of the sintered platinum layer is ~3.5 um,
the calculated electrical conductivity is ~4 MS/m.
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(a) Commercial

(b) 3D-printed

FIGURE 7. Stencil-printed platinum CPW on commercial and 3D-printed YSZ
substrates after sintering.

TABLE 1. Dimensions of the manufactured platinum CPW commercial YSZ
substrate (units in mm).

Sample w s lepw
Pt CPW on commercial YSZ | 0.99 | 0.48 10.01
Pt CPW on 3D-printed YSZ 0.99 | 0.44 | 10.10

D. FULLY ADDITIVELY MANUFACTURED COPLANAR
WAVEGUIDE
A stencil-printed platinum CPW on a 1.6 mm thick
3D-printed YSZ substrate is compared to another platinum
CPW over a 0.9 mm thick commercial YSZ substrate. In
both cases, the stencil-printed CPW has a gap of 0.5 mm,
the central conductor is 1 mm, and the length of the trans-
mission line is 10 mm. Both samples are visually inspected
and electrically tested to ensure that the CPW traces are elec-
trically isolated. The platinum ink of both CPWs is sintered
to increase the platinum layer’s electrical conductivity and
mechanical properties. Fig. 7 exhibits the sintered platinum
CPWs based on the stencil-printing process on the com-
mercial and 3D-printed YSZ substrate. Table 1 shows the
measured dimensions of the stencil-printed platinum ink on
the commercial and 3D-printed YSZ substrate after sintering.
Fig. 8 shows the material permittivity for the commercial
and 3D-printed YSZ substrates extracted from the platinum
CPW transmission lines to verify that the sintering process
of the ink does not affect the dielectric properties of the
YSZ substrates. Results in Fig. 6 and Fig. 8 show close
agreement between CPWs made of silver and platinum ink,
exhibiting a difference of less than 1% between the extracted
permittivity from the platinum CPW and the silver CPW. The
minimal variations can be associated with the change in the
conductive ink and curing or sintering cycles that affects
the conductor thickness, as well as the variation in the RF
probing process.

IV. HIGH-TEMPERATURE ANTENNA DESIGN

In this section, a high-temperature two-layer back-fed
antenna is designed using the extracted electromagnetic prop-
erties of the YSZ substrates and the platinum conductive
ink. Fig. 9 shows the geometric parameters of the high-
temperature two-layer back-fed antenna, where the CPW
line is tapered below the top patch to increase the coupling
between the slot and the top patch, and it allows to tune
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FIGURE 8. Dielectric properties of commercial YSZ and 3D-printed YSZ using
platinum stencil-printed CPWs.

up the input impedance of the antenna to 50 2. Since the
antenna is fed on the back of the substrate, the top patch
can be placed outside of a package, which can protect the
RF circuitry and the CPW line against harsh environmental
conditions, such as high temperature. The antenna geome-
try is designed to yield a better front-back ratio than the
slot antenna. Also, it simplifies the manufacturing process
compared to the traditional coupled line microstrip antenna,
which requires a multi-layer substrate.

The initial dimensions of the top patch are found by the
design equations of the microstrip patch antenna consid-
ering the electrical permittivity of the 3D-printed and the
commercial YSZ at 5 GHz and 4 GHz, respectively. Here,
the CPW line and the tapered stub section are designed to
provide 50 €2 at the antenna input at the resonant frequency.
Then, the geometric parameters of the high-temperature two-
layer back-fed antenna are optimized using HFSS from
ANSYS Electronic Desktop 2019.0.0 for each material. Since
the 3D-printed substrate has a dimension of 49.8 mm x
1521 mm x 1.9 mm, the 3D-printed antenna is designed
to fit the substrate size to be manufactured. Note that the
RF connector is included in EM simulation of the antennas
presented in this paper.

A. MANUFACTURING THE REFERENCE ANTENNA

Table 2 shows optimized parameters of the antenna based
on the commercial YSZ substrate. This two-layer antenna is
stencil printed on the commercial YSZ substrate using plat-
inum ink, and then the ink is cured and sintered, as previously
mentioned. Fig. 10 shows the sintered platinum antenna pat-
tern on the commercial YSZ with a Cinch Connectivity
Solutions end launch jack model 145-0701-802, which has a
maximum operating temperature of 85 °C, so it cannot endure
high temperatures. Therefore, it is required to remove the
RF connector from the sample for high-temperature tests and
re-install it after the high-temperature test is performed.
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FIGURE 9. Structure of the two-layer coupled-fed microstrip antenna.

TABLE 2. Dimensions of the designed antenna based on commercial YSZ (units
in mm).

Wp lp lc ls Ws

717 4.06 10.40 16.76 12.57

wy g ly lotub | Wstub

0.7 1 10.1 3.14 4.33
9stub

0.1

B. FULLY ADDITIVELY MANUFACTURED ANTENNA

The fully additively manufactured antenna is made of a
3D-printed YSZ substrate using an XJET Carmel 1400C and
a micro-dispensed platinum ink by a SmartPump of a nScrypt
system. Table 3 exhibits the geometric parameters of the
optimized 3D-printed antenna. The manufacturing process
of the two-layer antenna is based on micro-dispensing plat-
inum ink over a 49.8 mm x 15.21 mm x 1.9 mm 3D-printed
YSZ substrate. Initially, the bottom layer pattern is cre-
ated by microdispensing the ink. Then, the ink is dried
at 125°C for one hour. Next, the 3D-printed substrate is
placed upside down to dispense the top metal layer after
careful alignment using a process camera on the nScrypt
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(a) Top Commercial YSZ + (b) Bottom Commerical
Pt YSZ + Pt

FIGURE 10. AM antenna using commercial YSZ and Ferro ESL 5520 platinum ink
(scale in cm).

TABLE 3. Dimensions of the designed antenna based on 3D-printed YSZ (units
in mm).

Wp lp lc ls Ws

8.8 4.37 10 48.67 15.17

wy g ly lstub | Wstub

0.6 0.7 8.02 3.23 4.33
Gstub

0.36

(a) Top layer

(b) Bottom layer

FIGURE 11. Micro-dispensed platinum ink on the 3D-printed YSZ substrate before
drying process.

system to reduce layer misregistration. Finally, the plat-
inum ink is dried once the top patch is patterned by
microdispensing.

Once the platinum layers of each side of the antenna
are dried, the platinum ink is sintered with a ramp-up
rate of 30°C/min until reaching 980 °C, where the temper-
ature is held by 10 min, and then the furnace cools down

VOLUME 3, 2022
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FIGURE 12. Surface profile of stencil-printed and micro-dispensed platinum ink
after sintering process.

until ambient. Fig. 11 and 13 show the surface of micro-
dispensed ink on the 3D-printed YSZ substrate before the
drying process and after the sintering process, respectively.
The mean thickness of the metal layer is 5 um, which is
similar to the stencil-printed metal layer. Note that both,
CBO028 and the Pt ink are optimized by the manufacturer for
screen printing, and not for stencil printing. The interaction
between the microdispensed ink and the substrate surface
creates a tapered geometry on the edges of the conduc-
tor [35]. Additionally, since the ink spreads after dispensing,
the thickness increases gradually from the edges, while the
stencil-printed metal layer has steeper surface edges. Fig. 12
shows the measured surface profile of the transition area of
the sintered trace made by the stencil printing process and
the microdispensing process. The ink spread observed in the
microdispensing process is a consequence of the rheological
properties of the ink, leading to a gradual thickness incre-
ment from the edges. The sharp edges observed in the stencil
printing result from leaving the PET stencil during the ink
cure since it promotes the accumulation of Ag particles on
the stencil wall. A favorable wettability contact angle at the
stencil wall is presumed responsible for the surface profile’s
peak, creating a concave meniscus. Therefore, as the binder
evaporates, the conductive particles accumulate on the edges
to replace the loss of the organic material, leading to a grad-
ual thickness increment creating sharp edges. Besides, since
stencil printing is performed manually, there is limited con-
trol during the process, which can lead to a surface with
more pores than the microdispensed one. Note that the sten-
cil printing samples serve benchmarking purposes, but their
quality is not as per industry standards. In addition, the sharp
edges can be smothered after carefully scrapping the cured
surface or removing it by laser.

Fig. 13 exhibits the top view and bottom view of the
fully AM coupled-fed antenna made of the 3D-printed YSZ
substrate and the micro-dispensed platinum ink after being
sintered. The surface scratches of the bottom layer are due
to manipulation of the antenna, but they do not have any
impact on the antenna performance.
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FIGURE 13. Fully AM antenna using 3D-printed YSZ and Ferro ESL 5520 platinum
ink (scale in cm).

V. ANTENNA EXPERIMENTAL RESULTS

A. ANTENNA CHARACTERIZATION

The couple-fed antenna based on platinum ink and the
commercial YSZ is the reference antenna during the char-
acterization process to assess the antenna performance of
the fully AM coupled-fed made of platinum ink and the
3D-printed YSZ. The resonant response of both antennas is
measured using a Keysight ES071C ENA calibrated from
2 GHz to 8 GHz by a Keysight N4433A ECal module.
Fig. 14 exhibits the S11 of each antenna over the frequency,
where the measured results agree with the simulated outcome
in each case. The reference antenna resonates at 5.09 GHz,
while the fully AM antenna has a resonant frequency at
3.5 GHz and 4.1 GHz. Since the 3D-printed YSZ substrate
shows similar electromagnetic properties to the commer-
cial YSZ substrate, the fully AM antenna is designed to
resonate at a lower frequency because the 3D-printed sub-
strate is thicker than the commercial one, avoiding high-order
propagation in the couple feeding.

The radiation pattern of the manufactured antennas is
measured from 2 GHz to 6 GHz by an ETS-Lindgren ane-
choic chamber. The frequency step is set at 10 MHz, while
the angular step is 5 deg for the azimuth axis and eleva-
tion axis. Fig. 15 show the simulated 3D radiation pattern
at 5.09 GHz and the location of the E-plane and H-plane
of the designed antenna using the commercial YSZ and
stencil-printed platinum ink.

Fig. 16 displays a good agreement between the measured
and simulated radiation pattern of the reference antenna for
the E-plane and H-plane at 5.09 GHz. Also, the reference
antenna exhibits a measured gain of 1.29 dBi at 8 = 60°,
and a front-back ratio of 6.16 dB.
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FIGURE 14. Measured and simulated S11 for the manufactured antennas using
platinum ink.
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FIGURE 15. Simulated 3D radiation pattern of the designed antenna at 5.09 GHz
with E-plane and H-plane location.

The antenna gain is plotted as a function of the frequency
from 2 GHz to 6 GHz to verify the radiation characteristics
of the fully AM antenna at both resonant frequencies, i.e., at
3.5 GHz and 4.11 GHz. Fig. 17 shows that the measured and
simulated antenna gain has two peaks around the resonant
frequencies. However, the resonant response at 3.5 GHz does
not radiate as efficiently as at 4.11 GHz.
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FIGURE 16. Measured and simulated radiation pattern at 5.09 GHz of the
manufactured antenna using commercial YSZ and platinum ink.
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FIGURE 17. Measured and simulated antenna gain of the fully AM antenna (in dBi)
from 2 GHz to 6 GHz.

The antenna radiation efficiency is simulated and mea-
sured, as shown in Fig. 18. The simulated radiation effi-
ciency is extracted from the antenna parameter report of
Ansys HFSS, while the measured radiation efficiency is
extracted summary report of the anechoic chamber. The
measured radiation efficiency trace shows that the radia-
tion efficiency is 60% and 85% at 3.5 GHz and 4.11 GHz,
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FIGURE 18. Measured and simulated radiation efficiency of the fully AM antenna
from 2 GHz to 6 GHz.

e

FIGURE 19. Simulated 3D radiation pattern of the fully AM antenna at 4.11 GHz with
E-plane and H-plane location.

respectively, which confirms that the antenna does not radiate
efficiently at 3.5 GHz.

Fig. 19 exhibit the simulated 3D radiation pattern at
4.11 GHz and the location of the E-plane and H-plane of
the fully AM antenna using 3D-printed YSZ and micro-
dispensed platinum ink.

The simulated and measured E-plane and H-plane at
4.11 GHz of the fully AM antenna are shown in Fig. 20.
The measured antenna gain is 2.59 dBi at 6 = 60°, and the
measured front-back ratio is 9.62 dB.

B. RF CHARACTERIZATION AFTER THERMAL FATIGUE

This paper shows RF specimens made of ceramic substrates
and coated layers of conductive ink, which have different
coefficient thermal expansion (CTE). If there is an evident
CTE mismatch, the exposure of these samples to thermal
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FIGURE 20. Simulated and measured radiation pattern at 4.11 GHz of the
manufactured antenna using 3D-printed YSZ and platinum ink.

cycles will lead to micro-damage caused by the thermal
strain and internal stress that control the deformation of each
material, where the thermal fatigue can produce microscopic
cracks, pinholes, and peeling off of the conductive layer.

Platinum stencil-printed specimens on two commercial
YSZ substrates and a 3D-printed YSZ substrate are exposed
to a fluctuating high-temperature environment, where the
samples are heated from ambient to 600°C at a rate of
27 °C/min, and they are soaked at the peak temperature for
30 min. Then, the samples cool down to 32°C, and a new
cycle begins. The thermal cycle is repeated nine times, but
the specimens are inspected by the microscope every three
cycles to identify any evidence of thermal fatigue.

Fig. 21 shows the initial inspection before the thermal test
and the final inspection after the ninth cycle of the platinum
CPW over the commercial YSZ substrate at two different
locations. However, these results can be extended with sim-
ilar behavior to the rest of the sample. Based on the visual
inspection of the conductive ink before and after the ther-
mal cycling, no thermal fatigue is evidenced after the nine
high-temperature cycles. This result suggests that the CTE
mismatch between the conductive and dielectric layers is
not large enough to generate damage to the sample during
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FIGURE 21. Visual inspection of a platinum CPW on a commercial YSZ substrate
before and after the thermal test.
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FIGURE 22. Visual inspection of a platinum CPW on a 3D-printed YSZ substrate
before and after the thermal test.

thermal cycling, which means there is no evident mismatch
of CTE between the commercial YSZ substrate and the
sintered platinum layer.

Fig. 22 shows the initial and final visual inspection of
the platinum CPW on a 3D-printed YSZ substrate after nine
high-temperature cycles. In this case, it is noted that the sin-
tered platinum layer exhibits dark spots in different sections
of the samples after the third cycle. However, their size,
shape, and color remain the same after finishing the thermal
test. Besides the dark spots, there is no sign of any visible
micro-damage in the sample.

The S-parameters of the platinum CPW samples are mea-
sured again from 2 GHz to 6 GHz to identify if there is
any non-visible micro-damage of the high-temperature sam-
ples. A silver CPW sample with no thermal cycle is used
as a control sample and is measured simultaneously on all
the S-parameter measurements to detect deviations in the
vector network analyzer calibration. Fig. 23a exhibits the
magnitude of S>; of the silver CPW sample and the plat-
inum CPW samples before the thermal test and after the
nine high-temperature cycles. The reference CPW and the
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FIGURE 23. Measured S-parameters of CPW samples before and after the thermal
test.

platinum CPW on the commercial YSZ show ~0.5 dB degra-
dation of the 71 at 2 GHz, getting slightly worst as the
frequency increases. However, the platinum CPW over the
3D-printed substrate shows minimal variation after the ther-
mal test. Fig. 23b and Fig. 23c exhibit minimal variations
in the angle of $7; and the magnitude of S relative to the
thermal test.

Fig. 24 exhibits the dissipative losses of the CPW, which
are calculated by the well-know equation:

DL = 1010152117/ (1 = 111 %) ) )

The dissipative losses show similar degradation as shown
in Fig. 23a. However, the reference sample was not exposed
intentionally to any thermal test to have a golden sample
on the experiment control of the thermal cycling. Therefore,
the variation of S»; and the dissipative losses after cycling
can be related to the variation of the position and pres-
sure of the probe during the calibration and probing test.
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FIGURE 24. Calculated dissipative losses of the CPW samples before and after the
thermal test.

Furthermore, since the platinum CPW over the 3D-printed
substrate shows minimal variation after the thermal test, the
results suggest that the thermal stress applied to samples
is not enough to create thermal fatigue. Therefore, the nine
high-temperature cycles applied to the specimens do not lead
to any appreciable degradation of the RF performance of the
CPWs.

VI. CONCLUSION

This work shows a successful additive manufacturing pro-
cess to make a high-temperature antenna by metalizing the
top and bottom sides of a 3D-printed YSZ substrate using
microdispensing conductive ink that endures high temper-
atures. As a result, the 3D-printed antenna exhibits a gain
of 2.5 dBi, which is better than a half-wave dipole antenna.
Besides, the antenna has a bandwidth of 160 MHz for return
loss > 10 dB at 4.1 GHz, which is better than a tradi-
tional microstrip patch antenna that is typically less than
3%. Furthermore, the coplanar waveguide lines made of
3D-printed YSZ and platinum ink do not show thermal
fatigue or degradation of the RF performance of the passive
component after exposing them to nine short-time high-
temperature cycles that reach up to 600 °C. Future research
includes extending the high-temperature endurance studies to
evaluate the antenna survivability for long-duration missions.
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