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Additive technology applied to the
realization of K-band microwave
terminations: reproducibility improvement

AZAR MAALOUF, RONAN GINGAT AND VINCENT LAUR

This study examines K-band rectangular waveguide terminations with three-dimensional (3D)-printed loads, and proposes
an Asymmetrical Tapered Wedge topology. This geometry shows a good tradeoff between microwave performance and
3D-printing issues (printing directions and support material requirements), thus improving noticeably the reproducibility
of the devices. The effect of the density of the 3D-printed load on the reflection parameter of the termination was investigated.
Even for a low density, reflection level remained below —27.5 dB between 18 and 26.5 GHz. Reproducibility was demon-
strated by the characterization of six loads that were 3D printed under the same conditions. Measurements demonstrate
that a maximum reflection parameter level of —33.5 dB can be ensured over the whole frequency band without any post-

machining of the 3D-printed devices.
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. INTRODUCTION

Rectangular waveguide terminations are widely used in tele-
communications and radar systems. For example, front-ends
of satellites can integrate between 50 and several hundred
terminations. These are usually coupled with circulators in
order to prevent microwave sources being detuned by mis-
matched loads.

These devices are made of a short-circuited waveguide
section in which an absorbing material is inserted. Polymer
composites or ceramics can be used depending on the
power handling capability required. In order to ensure a low
Voltage Standing Wave Ratio (VSWR), i.e., a low reflected
power, over a wide band of frequencies, these absorbing mate-
rials are generally shaped in the form of a pyramid or multi-
step section. In the case of a polymer composite, a large
parallelepiped of absorbing materials is molded and then
machined to obtain the desired geometry, which makes
devices quite costly. Moreover, the development cycle of
new devices (modification of the absorbing material geom-
etry) is time-consuming work.

In this context, three-dimensional (3D)-printing technol-
ogy appears to be a very exciting alternative for producing
low-cost microwave terminations and reduce the development
time of these devices. Indeed, Fused Deposition Modeling
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(FDM) technologies, which consist in depositing a fused
polymer layer-by-layer, make it possible to test and very
easily build a new geometry without huge additional cost.
Moreover, commercial materials compatible with FDM tech-
nologies are very low in cost. Several publications demon-
strated that this 3D-printing technique can be used to
realize microwave devices such as antennas [1-3] or transmis-
sion lines [4]. FDM materials usually have a low dielectric
constant together with a moderate loss tangent [5, 6].
However, when loaded with carbon particles, thermoplastics
show dielectric properties compatible with microwave absorb-
ing applications i.e., high loss tangent [6]. In a previous study,
we thus demonstrated that a carbon-loaded Acrylonitrile
Butadiene Styrene (ABS) polymer makes it possible to
realize microwave terminations with a VSWR lower than
1.025 over the X-band [7]. However, FDM technology has a
limited resolution and the devices contain defects that could
limit the reproducibility of the reflection parameter (S,,)
and the increase of frequency when the size of defects tends
to be of the same order as of the wavelength.

In this paper, our work was focused on the reproducibility
issue. We studied the effect of the absorbing material geom-
etry and printing conditions on the S,, of K-band rectangular
waveguide terminations. The first part of this paper discusses
the choice of an absorbing material topology suited to
3D-printing manufacture. We then detail the 3D-printing
process and the associated parameters that were used to
realize the microwave devices. Finally, we present the per-
formance of the 3D-printed microwave terminations. The dis-
cussion will particularly concentrate on the influence of
printing parameters on §,, amplitude and reproducibility.
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Il. APPROPRIATE CHOICE
OF ABSORBING MATERIAL
GEOMETRY

Classically, rectangular waveguide terminations consist of a
short-circuited section of metallic rectangular waveguide
loaded with an absorbing material insert. In our case, we
used a 10-cm long WR42 waveguide, with lateral dimensions
a = 10.67 mm and b = 4.32 mm, for which the monomodal
TE,, frequency band is between 18 and 26.5 GHz. The absorb-
ing material was a carbon-loaded ABS polymer. Its dielectric
properties were extracted from the K-band with a rectangular
waveguide method similar to the one employed in [6]: &, =
9.4 and tané = o0.27.

To ensure good impedance matching over a wide fre-
quency band, the absorbing material was shaped into the
overall form of a pyramid. As illustrated in Fig. 1, this absorb-
ing material can be 3D printed in three different directions: (i)
along I, the direction of wave propagation; (ii) along a, the
width of the waveguide; or (iii) along b, the height of the wave-
guide. Such geometry leads to 3D-printing issues: when the
pyramid was printed along I, the fused polymer did not
have time to harden even if the 3D-printing speed was slow
because its tip had a very low surface. When the pyramid
was printed along a or b, a support material was required,
which induced a very rough surface when it was removed.
3D-printed pyramidal shapes thus have reproducibility
issues, and random defects on the surface have to be
removed by post-machining.

One solution appears to be to remove the tip of the
pyramid. We numerically studied the reflection parameter of
a pyramid-shaped piece of absorbing material with a trun-
cated tip. The geometry of the absorber is illustrated in
Fig. 2, where I, = 10 mm and I, = 40 mm. The effect of the
size of the tip (a, and b,) was studied by performing electro-
magnetic simulations with Ansys HFSS software.

Figure 3 presents the simulated S,, amplitude of the
microwave termination loaded with a truncated pyramidal
absorber for different lateral dimensions of the tip. The
reflection level is below —34 dB over the whole K-band
when the dimensions of the tip are 0.5 x 0.5 mm®. This
value strongly increases when the surface of the tip increases.
Indeed, when tip dimensions are 2 X 2 mm?, the reflection
level is only below —17 dB between 18 and 26.5 GHz. This
geometry thus appears to be very sensitive to the truncation
of the tip due to the position of the tip placed in a maximum
electric field of TE,, mode.

The Asymmetrical Tapered Wedge (ATW) geometry, pre-
sented in Fig. 4, seems to be better suited to 3D-printing

b 1

support
material

1 g

Fig. 1. Ilustration of the different 3D-printing configurations for a
pyramid-shaped piece of absorbing the material. Red zones are subject to
defects or high roughness.
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Fig. 2. Illustration of the pyramid-shaped absorbing material with a truncated
tip.

technology. Indeed, the tip of the pyramid, which can be
subject to random defects, is placed in a minimum electric
field.

Figure 5 shows the simulated reflection level of microwave
terminations made of a short-circuited rectangular waveguide
loaded with an ATW-shaped absorber that can have different
tip dimensions. The length of the base I, and the one of the
ATW pyramid [, are the same as those of the previous structures.
The reflection parameter was kept below —30 dB up to a tip as
large as 2 x 2 mm®. This geometry thus appeared to be much
less sensitive to a truncation of the tip than the previous one.

One should note that ATW geometry has another main
advantage. Unlike a classic pyramid shape, ATW geometry
can be 3D printed in the directions [, a or b without requiring
support materials.

Table 1 gives the dimensions of the ATW geometry finally
selected, as these gave the best tradeoff between printability
and simulated performance. Figure 6 shows the reflection par-
ameter of this termination as a function of frequency. These
dimensions lead to a S,; parameter of less than —43 dB
over the whole X-band.

I, 3D PRINTING PROCESS

A RepRap Asimov 3D printer was used to realize the devices.
3D models were extracted from the electromagnetic simulator.
Slic3r software was then used to convert these models into
printable files (conversion of the 3D model into horizontal
layers).

0
—ap =0.5mm, bp=0.5mm
i0 —ap=1mm,bp=1mm
—ap=15mm,bp=15mm
— ap=2mm, bp=2mm
20 [ —_—  TApme P
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Fig. 3. Amplitude of the reflection level (S,,) of a microwave termination
consisting of a short-circuited rectangular waveguide loaded with a
truncated pyramid-shaped absorber between 18 and 26.5 GHz for different
dimensions of absorber tip.
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Fig. 4. Ilustration of the ATW-shaped absorbing material with a truncated
tip.
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Fig. 5. Amplitude of the reflection level (S,,) of a microwave termination
constituted of a short-circuited rectangular waveguide loaded with a
truncated ATW-shaped absorber between 18 and 26.5 GHz for different
absorber tip dimensions.

Table 1. Dimensions of the ATW geometry (in mm) used to realize
microwave terminations.

A b A a, b, I,

10.67 4.32 10 1.2 0.9 40

Several printing parameters affect the quality of the printed
devices, especially the compliance with expected dimensions,
the presence of defects and the roughness. The main para-
meters studied here were bed and nozzle temperatures, print-
ing and extrusion speeds and meshing. In our case, a bed
temperature of 110 °C and a nozzle temperature of 230 °C
appeared to be the best conditions. Printing instructions,
defined during the conversion of the 3D model, allow the def-
inition of the direction of printing, the thickness of each layer
€lay» the width of the contour we,,, and the internal density of
the object d;,,, which is dependent on the meshing (Fig. 7).
Moreover, in our case, we chose to give the upper and lower
part of the devices a set thickness of three individual layers.
The width of the contour w,,,; was 1 mm for all the printed
devices. ATW geometries were printed in the b direction. It
should be noted that the contour and the upper and lower
layers have a density of 100%, whereas the density of the
internal part of the object can be modified.

We first studied the effect of the internal density on the
reflection parameter of the microwave termination, looking
at density values (d;,,;) from 50 to 100%. In this case, the thick-
ness of each layer was set at 100 pwm.

https://doi.org/10.1017/51759078717001404 Published online by Cambridge University Press
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Fig. 6. Amplitude of the reflection level (S,,) of the selected ATW structure
(a, = 1.2 mm, b, = 0.9 mm) between 18 and 26.5 GHz.
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Fig. 7. Illustration of the 3D printing parameters used during the
construction.

€= 50 pm, d;,, = 100%

€, = 100 um. d,,, = 100% direction

Fig. 8. Comparison of 3D-printed ATW geometries with layer thicknesses of
50 and 100 pm.

Next, we studied the reproducibility by realizing six ATW
geometries with an internal density of 100% and a layer thick-
ness ey, of 50 wm. Under these conditions, the devices had no
random defects and a reduced surface roughness compared
with those with a thickness layer of 100 wm, as shown in
Fig. 8. Even if production time of printed absorber is longer,
in this case, this parameter leads to more reproducible objects.

Surface roughness characterizations were performed using
a stylus profiler system (Veeco Dektak 150). Figure 9 compares
the vertical deviation measured along the tip of the ATW geo-
metry for two different layer thicknesses (50 and 100 wm).
When a layer thickness of 50 um is chosen during the
3D-printing process, the vertical deviation shows quite a
smooth behavior, with regularly positioned steps. A layer thick-
ness of 100 um leads to a rough surface with randomly posi-
tioned steps. The arithmetic average of the vertical deviation
R, and root mean square of the vertical deviation R, are com-
pared in Table 2 for the two different layer thicknesses. These
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Fig. 9. Comparison of the vertical deviation measured along the absorber tip
for two different layer thicknesses (50 and 100 pm).

values are the mean values of at least ten measurements per-
formed on different samples and different positions on the
wedge, so that standard deviation (og, and og,) can be calcu-
lated. R, value was about 4 times higher for a layer thickness
of 100 pm (R4;00um = 37.4 lm). Moreover, the standard devi-
ation of R, was very high (or, = 27.6 pm), revealing the
random distribution of the roughness over the surface of the
device. As a comparison, a layer thickness of 50 wm led to
R, =107 pm and o, = 2.3 pum, thus demonstrating that,
in this case, the surface roughness was reduced and quite
similar for the different samples.

One should note that no post-machining of the ATW
geometries was performed so that reproducibility of §,,
between different 3D-printed terminations could be
investigated.

V. CHARACTERIZATION OF
TERMINATIONS

Microwave terminations were characterized using a Vector
Network Analyzer (VNA Agilent E8364A). 3D-printed loads
were inserted into a WR42 short-circuited waveguide
section and coaxial-to-rectangular waveguide transitions
were used to connect the VNA to the microwave termination
(Fig. 10).

A Thru-Reflect-Line calibration was performed in the
18-26.5 GHz frequency band in order to place the reference
plane of measurement at the end of the coaxial-to-waveguide
transition. Then, S,, parameter was measured in order to
evaluate the performance of the microwave terminations as
a function of the printing parameters.

Expanded uncertainty of the measured reflection para-
meters was calculated by a similar approach to the one used

Table 2. The measured surface roughness of the ATW geometry for two
different layer thicknesses.

€lay (um) 50 100

R, (um) 10.7 37.4
Opa (um) 2.3 27.6
R, (um) 13.6 46.5
Ogg (um) 3.6 29.6
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Fig. 10. Exploded view of the microwave termination.

in [7] and detailed in [8]. After calibration, we measured a
residual directivity D= —46 dB and a residual test port
match M = —63 dB that lead to expanded uncertainty
U(RL) = 1.9 dB and U(RL) = 6.1 dB for measured reflection
parameter levels of —30 and — 40 dB, respectively.

We first studied the effect of the internal density on the
reflection parameter of microwave terminations. As the
density of the contour, upper and lower layers and the internal
part of the object can be different, we measured the apparent
density of each of the ATW geometries by measuring their
mass and knowing that the volume of the object is 1.189 cm?.
When the internal density was increased from 50 to 100%,
the apparent density increased from 0.85 to 1.08 gcm ™ °.

Figure 11 shows the reflection level of the microwave ter-
mination as a function of frequency for different values of
apparent density. The denser geometry (d=1.08g cm ?)
makes it possible to obtain a reflection level lower than
34 dB over the whole K-band. Logically, an ATW geometry
with an apparent density of 0.85 g cm™* should give worse
performance. However, in this case, return losses remain
lower than —27.5 dB between 18 and 26.5 GHz.

We calculated the median value of return losses over the
K-band for the different values of apparent density (Fig. 12).
The median value of return losses is quite constant up to an
apparent density of 0.98 g cm™? and then decreases quasi-
linearly. The denser geometry gives a median value of
—42.5 dB. A monotonic decrease of reflection level as a func-
tion of the apparent density was expected. This unexpected
evolution could be due to the automatic meshing of Slic3r
software for which the positions or hollows at low density
are not controlled.

We then studied the reproducibility of the performance of
these microwave terminations: six ATW geometries were

d=0.85 g.cm-3
—d =099 g.cm-3
—d = 1.08 g.cm-3

—d=0.92 g.cm-3

-10 —d=1.03 g.em-3

Sy (dB)

=70 i " 1 L L 1 L L
18 19 20 21 22 23 24 25 26 27

Frequency (GHz)

Fig. 11. Measured reflection parameter (S,,) amplitude as a function of
frequency for different apparent densities of the ATW geometry (e, =
100 pm).
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Fig. 12. Evolution of the median value of return loss as a function of apparent
density (ejq, = 100 pm).
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Fig. 13. Measured reflection parameter (S,,) amplitude as a function of
frequency for six different ATW geometries printed in the same conditions
(€lay = 50 b, iy = 100%).

printed under the same conditions (e, = 50 um, d;,; =
100%) and measured. Figure 13 presents the reflection coeffi-
cients of these microwave terminations as a function of fre-
quency. We observed some noticeable differences of
reflection coefficient between the six different 3D-printed
ATW loads. However, the reflection coefficient is very sensi-
tive to the presence of air gaps between the absorber and
the metallic short circuit and it seems that this phenomenon
could be mainly due to the manner of insertion of the ATW
geometry in the short-circuited waveguide. In the worst
case, reflection coefficient remains below —33.5 dB over the
whole frequency band. Moreover, as one should recall, no
post-machining was performed on the ATW geometries.

The median value of reflection coefficient is between —36.6
and —41.4 dB for these different devices (Fig. 14). The small
difference in reflection parameter between the terminations
supports the reproducibility of this new method of fabrication
for microwave terminations.

One should note that the median value of reflection level of
ATW geometries printed with a thickness layer of 50 um was
slightly higher than the one of the geometry printed with a
thickness layer of 100 wm. This difference can be mainly
explained by a mean apparent density that is about 8%
lower when a thickness layer of 50 pm is chosen. This differ-
ence of density is not yet clearly explained but could be due to
meshing issues.

It is well known that 3D-printed objects are subject to
moisture absorption, which can modify their dielectric prop-
erties, i.e., increase both permittivity and loss tangent [9].
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Fig. 14. Median value of reflection coefficient for six different ATW
geometries printed in the same conditions (e, = 50 pm, d;, = 100%).
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Fig. 15. Measurement of an ATW geometry after 45 days exposure to air (Step
1) and after 48 h at 70 °C (Step 2).

These objects can become water-impermeable when post-
treatments, such as brushing or acetone sealing, are applied
[8]. In our case, no post-treatments were applied to the
3D-printed devices.

We selected an ATW insert and left it exposed to air for 45
days before taking measurements (Step 1 on Fig. 15). Then, we
placed the device in an oven at 70 °C for 48 h before taking
measurements once more (Step 2 on Fig. 15). We observed
a slight difference between the measurement before and
after drying at 70 °C during 48 h. For example, at 20 GHz,
reflection level after drying is 4.5 dB lower than before
drying. However, this difference remained lower than the
uncertainty of measurement calculated for this low level of
reflection parameters (U(RL = —40 dB) = 5.5 dB). As a con-
sequence, it appears to be difficult to ascribe the observed dif-
ference in performance to moisture absorption. The effects of
aging (especially water absorption) will next be investigated,
by applying temperature and humidity cycles to the devices
in a climate chamber.

V. CONCLUSION

In this paper, we studied the realization of a K-band rectangu-
lar waveguide by 3D-printing technology. An ATW geometry
was selected to design the absorber load. Indeed, this geometry
is less sensitive to defects and truncation of the tip than a
classic centered pyramidal load, and thus leads to more repro-
ducible devices. Moreover, it appears to be more suited to
3D-printing technology (three different possible directions
of printing without the need for support materials).

We then studied the effect of the ATW density on the reflec-
tion parameter of the microwave termination. It comes as no
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surprise that the performance of the microwave termination is
strongly dependent on the density of the 3D-printed ATW
load. However, even for a low-density value, reflection level was
kept below —27.5 dB over the whole K-band (18-26.5 GHz).

Finally, we studied the reproducibility of the performances.
Six ATW loads were printed under the same conditions and
characterized. We experimentally proved that, without any
post-machining of the 3D-printed ATW geometries, a
maximum level of —33.5 dB can be ensured between 18 and
26.5 GHz. This suggests the 3D-printing process of absorbing
materials is repeatable and that it is suitable for the realization
of microwave terminations in an industrial context. Given
these results, we estimate that this concept can be applied to
the realization of microwave termination up to 50 GHz
(WR22 rectangular waveguide). Above this frequency, rect-
angular waveguide dimensions are so small that the resolution
of FDM technology seems to be too low to ensure the respect of
the dimensions of the printed absorber, and thus, a satisfactory
reproducibility. Owing to a better resolution, stereolithography
technique appears to be a way to shape microwave absorber at
very high frequencies. However, new materials with dedicated
properties (i.e., high loss tangent) have to be developed.

Power handling capability is one of the key points to be
investigated in order to evaluate the potential of this technol-
ogy for industrial applications, especially for integration into
space systems. This point will be one of our main subjects
of research in the future.

Furthermore, self-supported 3D-printed microwave termi-
nations (absorber insert, short-circuit, and waveguide flange in
a single printed device) will be soon designed and fabricated in
the K-band. As was demonstrated in [7], microwave response
of such devices can be as high as standard microwave termina-
tions but offer the advantages of very low cost and weight.
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