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Abstract— A new multi-materials’ compact topology, allowed
by multi-materials 3-D-printing, is proposed to design microwave
terminations in rectangular waveguide technology. The concept
is based on a Salisbury-like resonant absorber constituted of a
3-D-printed polylactic acid (PLA) dielectric spacer and a lossy
dielectric in the form of a pad whose dimensions allow controlling
the frequency of maximum absorption. The flange of the termi-
nation is also printed with a lossy dielectric to achieve a compact
and low-weight component that can be directly connected to a
standard metallic waveguide. The concept has been validated
experimentally in K-band (18–26 GHz) and X-band (8–12 GHz)
with relative bandwidths (RBWs) around 20% for both fre-
quency bands. These components demonstrate a quite stable
temperature behavior. The power-handling capability (PHC) has
been investigated through simulations and experiments. It was
demonstrated that the maximum power than can support the
termination is around 4–5 times lower than a more standard
and bulky termination made with the same materials.

Index Terms— Additive manufacturing, electromagnetic (EM)
composite materials and measurements, electro-thermal device
modeling, microwave absorbers, microwave measurements,
passive components, power-handling capability (PHC).

I. INTRODUCTION

M ICROWAVE terminations (or loads) are key devices
in many telecommunication systems. In rectangular

waveguide technology, these components are constituted of
a short-circuited waveguide in which an absorber is placed.
The shape of the absorber mainly depends on the bandwidth
required for a given application. These components are usually
associated with a coupler or a circulator. As an example,
in satellite and radar systems, isolators (circulator + termi-
nation) are used to protect components that are sensitive to
RF power variations and to impedance mismatch such as
amplifiers. In this component, the termination allows absorb-
ing the backward wave. Traditional microwave architectures
integrated few microwave terminations so that the cost, size,
and weight constraints on these components were not cru-
cial for microwave engineers. However, with the emergence
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of electronically scanned array technologies, several tens of
microwave terminations will have to be integrated due to the
parallelization of chains in radar or broadcast systems. For
some of these applications, the main constraint is no more the
return loss level of the termination (that can be in the order
of 10 dB) or the bandwidth of absorption but the size, weight,
and cost of the component that have to be minimized.

During the last decades, few laboratory studies were con-
ducted to improve the overall performance of microwave
loads. In [1], a metamaterial absorber based on an electric-
field-coupled resonator was used to design and fabricate an
X-band waveguide termination. This topology led to a very
thin component but with a too limited bandwidth of 0.75%.
High level of return loss over a wide bandwidth was also
achieved by the transversal [2] or longitudinal [3] integration
of printed circuit board (PCB) passive devices connected
to 50-� resistors in metallic rectangular waveguides. Such
components provide wide band absorptions together with a
small thickness but to the detriment of fabrication complexity
(mounting of chip resistors, integration in a metal housing,
etc.) especially at high frequency. In parallel, the development
of additive manufacturing gave rise to new topological inno-
vations or materials integration. In [4], an original lossy gap
waveguide structure fabricated by 3-D printing of a polymer
that was further electroless plated demonstrated a return loss
level higher than 20 dB over Ka-band. However, despite a
spiral shape to decrease the size, this component cannot be
considered as more compact than traditional absorber-based
terminations. Lossy dielectric can also be shaped using 3-D
printing technique. Thus, we demonstrated in [5] and [6] that
efficient low-cost low-weight X-band microwave terminations
that can be directly connected to a standard waveguide can be
fabricated by 3-D-printing of carbon-filled polymers. We fur-
ther investigated the feasibility to decrease the thickness of the
component by a discretization of the absorber in the form of
blocks with different heights [7]. In simulation, a reduction
of 76% compared to a standard pyramidal topology was
demonstrated but, experimentally, this reduction was limited to
52% due to dimensional variations and uncontrolled air gaps.
More recently, multi-materials 3-D-printing gave rise to new
topological possibilities that are investigated in this study.

This article is an expanded version of [8] in which the
concept of multi-materials compact terminations was pre-
sented. Here, we detail the design methodology as well
as the constraints related to the manufacturing process and
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the properties of the materials used. The automation of the
component temperature test bench and the associated results
are also detailed. Finally, an extension of the concept to a
different frequency band is proposed and the power handling
of the components is evaluated through measurements and
thermo-electromagnetic (EM) modeling.

In this article, we studied a multi-material topology of
termination that can be printed in a single process and directly
connected to a standard waveguide after fabrication without
requiring an assembly step or a packaging. The aim is to
propose a very compact component for low-power applications
with moderate bandwidths. At first, the concept of the topology
that is based on a Salisbury in free space is explained. Then,
the adaptation of the termination to allow its fabrication with
a fused deposition modeling (FDM) technique is discussed.
K-band compact terminations are designed, fabricated, and
measured to validate the concept. Then, the potential of this
new compact topology is extended to X-band and its power
handling capability (PHC) is investigated.

II. CONCEPT OF THE TOPOLOGY

The topology of the termination is based on a standard
free-space Salisbury screen [9]. This absorber is constituted
of a resistive layer on top of a dielectric spacer. The general
conditions of optimum absorption [10] lead to two conditions.
The thickness of the spacer es has to be a quarter of the
wavelength λg at the frequency of absorption

es = λg

4
. (1)

For a plane wave PW in a dielectric medium with a real
part of relative permittivity εr , λg is calculated by (2). For a
given conductivity σ of the resistive layer, its thickness τ is
calculated by (3) so that to provide impedance equal to the
one of air Z0 pw

λgpw = c

f
√

εr

(2)

Z0 = 1

στ
(3)

Z0 pw =
√

μ0

ε0εr
. (4)

An example of topology and simulation results is given in
Fig. 1. The free-space Salisbury absorber, designed to provide
a strong absorption at 22 GHz, is constituted of a thin layer
of tantalum nitride (σ = 7400 S/m, τ = 0.358 μm) on
top of a λg /4 spacer made of air (εr = 1) with a thickness
es = 3.409 mm. Simulations were performed using Ansys
HFSS1 software with periodic boundaries. A perfect electric
conductor (PEC) boundary was assigned at the bottom of the
model to ensure a total reflection. As expected, this bilayer
provides a strong absorption at 22 GHz with a −15 dB relative
bandwidth (RBW) of 44.3%.

Such absorber can be adjusted to be designed in rectangular
waveguide that propagate a TE10 fundamental mode. In this

1Trademarked.

Fig. 1. (a) Simulation models of a Ta2N/air Salisbury absorber in free-space
(left) and rectangular waveguide (right) and (b) their reflection coefficients in
K-band.

case, wavelength and impedance that have to be considered
are given by the following formula:

λg RWG = λgpw√
1 −

(
fc

f

)2
(5)

fc = c

2a
(6)

Z0 RWG = Z0 pw√
1 −

(
fc

f

)2
(7)

where λg RWG is the guided wavelength in the rectangular
waveguide, fc the cutoff frequency of the TE10 mode, a the
width of the waveguide, and Z0 RWG the impedance of this
mode in the waveguide. One should note that impedance is
dependent on frequency in that case.

The same materials were used to design a Salisbury
absorber for a standard WR-42 K-band waveguide. Thick-
nesses of both air spacer and resistive layer were modified
using above-mentioned equations (τ = 0.275 μm, es =
4.432 mm). Fig. 1 shows that a strong absorption is achieved
at 22 GHz. However, the −15 dB bandwidth is strongly
decreased (RBW = 25.3%) compared to a free-space similar
absorber due to the variation of the impedance over the
frequency band under study. In Section III, we will discuss
on the adaptation of the topology to be able to fabricate
such component with a low-cost multi-materials 3-D printing
technique.
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Fig. 2. Evolution of the surface impedance of a PLA-C layer as a function
of the thickness layer τ .

III. MANUFACTURING METHOD AND ADAPTATION

OF THE TOPOLOGY

A. Multi-Materials FDM

A standard Salisbury absorber requires a low-loss dielectric
and a resistive layer with a moderate conductivity that lies
between 100 and 10 000 S/m to get a thickness compatible
with screen-printing or deposition by sputtering or evaporation
(from a few hundred of nanometers to a few tens of microm-
eters).

In this study, the fabrication technique is the FDM. The
design of Salisbury absorber has to be adapted to take into
account the manufacturing process. Especially, constraints
exist on the thickness of the resistive layer. This 3-D printing
technique consists in fabricating an object layer-by-layer using
an extruder that pushes the material, in the form of a filament,
through a nozzle that can move in a plane over a heated
bed. At first, a 3-D model of the object to be printed is
converted to a gcode command file using a slicing software.
This file contains not only the linear movements of the printer
nozzles but also the extruders and bed temperatures. The
temperature-controlled extrusion head is fed with a thermo-
plastic material that is heated at a temperature above its fusion
one. The material is deposited in layers with typical thickness
of 100–200 μm and the part is built from the bottom, layer
by layer. The material hardens immediately after extrusion and
the bed goes down between each layer. We used a 3NTR A2v3
printer to fabricate our devices. This printer can extrude up to
three different materials simultaneously.

Different FDM-compatible thermoplastics can act as low-
loss dielectric. Here, we selected a polylactic acid (PLA) fila-
ment from 3-DFilTech. Its dielectric properties were extracted
with a rectangular waveguide method in X-band (8–12 GHz)
similar than the one used in [6]. PLA shows a permittivity of
2.67 and dielectric loss tangent of 7.5 × 10−3 and can thus
be used as a dielectric spacer in a bilayer Salisbury absorber.
As the measured permittivity and loss tangent do not show
a dispersive behavior in X-band so that these properties were
considered for the design of the component in K-band between
18 and 26 GHz.

A carbon-filled PLA (conductive PLA from proto-pasta),
called here PLA-C, was used to act as the resistive layer in the

topology. Its permittivity was measured in the 1–18 GHz fre-
quency band with a coaxial probe [11]. Measured values from
[11] were extrapolated in the K-band to design the component.
A permittivity that decreases from 16.1 to 14.4 between
18 and 26 GHz and loss tangent ranges from 0.78 to 0.94 in
this frequency band were considered. In Section III-B, it will
be shown that by slightly modifying the topology, this material
can act as a resistive layer in a Salisbury absorber.

Both materials were printed with the following parameters:
bed temperature = 80 ◦C, nozzle temperature = 200 ◦C,
nozzle speed = 35 mm · s−1.

B. Adaptation of the Topology

As mentioned before, the dielectric spacer of the Salisbury-
based rectangular waveguide termination will be constituted
of a PLA layer. Equations (2), (5), and (6) lead in this case
to a guided wavelength of 1.382 cm at 22 GHz in a K-band
waveguide, so that the thickness of the spacer has to be es =
2.71 mm.

In a standard Salisbury screen, the top layer is a resistive
sheet whose thickness is calculated to provide impedance
equal to the one in air. Here, the resistive layer will be
replaced by a lossy dielectric layer made of PLA-C. In this
case, the surface impedance Zs equivalent to the PLA-C layer
can be calculated using the following equations where the
conductivity is extracted from the measured PLA-C imaginary
part of permittivity ε�� [12]:

σ = ωε0ε
�� (8)

Zs = 1

jωτ
(
ε0(εr−1) − j σ

ω

) . (9)

Fig. 2 presents the evolution of both real and imaginary
parts of the surface impedance equivalent to a PLA-C layer
at 22 GHz as a function of the thickness layer τ . At this
frequency, the impedance in a WR-42 waveguide for the
TE10 mode is equal to 490.1 �. This value is obtained for
a thickness of 55.7 μm, a value that is very thin for FDM
process and difficult to accurately achieve. Moreover, the
surface impedance is complex with a negative imaginary part
so that this layer will present a capacitive behavior. Finally, the
thickness of this lossy layer will be not negligible compared
to the total thickness of the absorber so that the propagation
in this layer will contribute to the phase shift of the absorber
on the contrary to a pure Salisbury screen. Thus, this bilayer
can be considered as a pseudo-Salisbury absorber.

These considerations led us to consider not a full layer but
fragmented layer of PLA-C layer in the form of a rectangular
pad. This acts as a dilution of EM properties of the lossy
layer allowing the use of thicknesses compatible with a FDM
process by providing more degrees of freedom. Different
shapes of PLA-C layer (cross, two pads, honeycomb) were
tested in simulation but the shape does not strongly influence
reflection coefficient level and bandwidth. The intermediate
topology is presented in Fig. 3. The dielectric spacer is
constituted of a PLA layer with a thickness es . Its transverse
dimensions correspond to those of a standard WR-42 rectan-
gular waveguide (a = 10.67 mm, b = 4.32 mm). The resistive
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Fig. 3. (a) Side, (b) 3-D, and (c) top view of a pseudo-Salisbury absorber
in rectangular waveguide.

Fig. 4. Simulated reflection coefficient of a pseudo-Salisbury absorber in
rectangular waveguide for different ap values (es = 1.4 mm, bp = 4 mm,
and τ = 200 μm).

layer is replaced by a PLA-C pad with a thickness τ and whose
in-plane dimensions are ap and bp.

EM simulations were performed with this absorber posi-
tioned in a short-ended WR-42 waveguide for different dimen-
sions (size and thickness of the pad, thickness of the spacer).
Fig. 4 presents reflection coefficients for es = 1.4 mm, bp =
4 mm, τ = 200 μm, and different values of pad width ap.
This 1.6-mm-thick bilayer absorber can provide in simulation
a strong absorption whose frequency depends on the pad
dimensions. Indeed, the frequency of maximum absorption
varies from 20.97 to 25.27 GHz for ap values of 9 and
3 mm, respectively. One should note that, contrary to metallic
periodic surfaces, the absorption mechanism remains linked
to a resonance along the direction of propagation. This figure
also shows that the minimum of reflection coefficient depends
on the pad dimensions. This is due to the total impedance of
the bilayer that depends on the pad size and that does not
match to the one of the empty waveguide for low values of
ap in this case.

If the size/absorption tradeoff seems very promising,
we have shown in the past that it can be difficult to confirm the
performance of printed compact terminations by measurement
due to dimensional uncertainties related to the fabrication and
especially to the control of air gaps between the absorber and
the metallic waveguide [7].

Fig. 5. Topology of the termination. (a) 3-D, (b) top, and (c) cross-sectional
views (PLA in blue and PLA-C in black).

Thus, we propose to 3-D-print this bilayer pseudo-Salisbury
absorber together with its own flange to get a fully flat
termination that will not be affected by air gaps between the
absorber and the walls of the waveguide or mispositioning. The
final component is presented in Fig. 5. To avoid transversal
propagation of EM wave in the flange of the termination
and thus to confine it in the bilayer absorber, the flange was
made of PLA-C. In simulation, a conductive boundary with a
conductivity σ = 2.106 S/m was applied to the back face of the
component to anticipate the use of a silver lacquer in practice
and to ensure total reflection of the wave. Fig. 6 presents
the simulated S-parameters of this component for the same
dimensions es , bp, and τ than the intermediate structure
presented in Fig. 4. The frequency of maximum absorption fr

remains strongly dependent on the pad width. For example,
a 2-mm-wide pad provides a resonance frequency of 26 GHz
while it moves down to 19.54 GHz for ap = 6 mm. The
simulated −15 dB RBW ranges from 15.4% to 23.1%.

One should note that the metallized PLA-C flange slightly
influences the frequency of absorption. As an example, for
ap = 4 mm, the resonance frequency decreases from 23.56 to
22.5 GHz when a metallized PLA-C flange is considered
compared to a metallic short-ended waveguide. This decrease
of the resonance frequency demonstrated that PLA-C walls
slightly modify the guided wavelength in the dielectric spacer
section of the absorber.

In addition, vector electric field in the component is
shown on Fig. 7 for a pad width ap = 4 mm at
the frequency of maximum absorption (22.5 GHz). This
figure confirms that the absorption mechanism remains
a quarter wavelength resonance of TE10 propagation
mode.

This low-weight flat termination can be directly connected
to a standard waveguide. However, as the concept is based on
a resonant absorber (i.e., Salisbury screen), the bandwidth of
absorption will be inherently lower than traditional long wedge
or pyramid that are used to fabricate wideband terminations.
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Fig. 6. Simulated reflection coefficients S11 of the multi-material resonant
termination in K-band for pad widths ap ranging from 2 to 6 mm (es =
1.4 mm, bp = 4 mm, τ = 200 μm).

Fig. 7. Vector electric field of a multi-material termination for ap = 4 mm,
es = 1.4 mm, bp = 4 mm, and τ = 200 μm at 22.5 GHz (�k represents the
direction of propagation).

IV. FABRICATION AND MEASUREMENTS

A. Fabrication and Reflection Measurements

Five terminations were 3-D-printed with ap ranging from
2 to 6 mm (bp = 10 mm, e = 1.6 mm). Fig. 8 presents one of
these devices. After fabrication, a silver lacquer was used to
metallize the back face of the flange to ensure a total reflection
of EM wave. The silver lacquer was cured at 60 ◦C during
1 h. The mass of the termination is only 0.8 g that has to
be compared with the mass of a standard K-band termination
which is around 40 g. Knowing that the cost of a 500 g PLA-C
spool is only 78 C, the whole material cost of a termination
does not exceed 0.2 C. In an industrial context, the cost
would be much higher. However, manual operations would
remain very limited because this component does not require
post-machining except for the metallization on the back face.
Considering the printing parameters, the printing time of a
single component is 18 min. One should note that printing
several terminations together strongly reduce the printing time
par component.

A Rohde and Schwarz ZVA 67 vector network analyzer was
used to measure the reflection coefficient of the terminations.
A Thru-Reflect-Line calibration was first performed to put the

Fig. 8. Photographs of (a) K-band multi-material termination before
metallization and (b) metallized termination screwed to a metallic waveguide.

Fig. 9. Measured reflection coefficients S11 of the multi-material resonant
termination in K-band for pad widths ap ranging from 2 to 6 mm (e =
1.6 mm and bp = 4 mm) compared with a commercial rectangular waveguide
termination from Vector Telecom.

reference plane of measurement at the output of the coaxial-
to-rectangular waveguide transition. Then, terminations were
screwed to the transition (see Fig. 8). For purposes of com-
parison, a commercial rectangular waveguide termination from
Vector Telecom (VT220WL1.03PC) was also measured.

Fig. 9 presents the measured reflection coefficients of the
terminations for different values of ap. The minimum return
loss at the resonance frequency is less than −20 dB for all
the terminations. The −15 dB RBWs are between 17.2% and
25%. As expected, the frequency of maximum absorption
is shifted toward high frequency when ap decreases. The
measured frequency shift as well as the minimum return
loss value as a function of ap is slightly lower than pre-
dicted by simulation. Indeed, the tuning range of absorption
frequency is limited to 21.6–24.4 GHz for the ap values
range under study. This reduced tuning frequency and slight
disagreement between simulations and measurements could be
due to wrongly estimated dielectric properties of the printed
materials. Anisotropic effects linked to the path followed
by the nozzle to deposit the material during the fabrication
of the PLA-C pad or slight variations of dielectric proper-
ties of PLA-C along the filament spool can also affect the
dielectric properties, and thus, the reflection coefficient of the
termination.

As a comparison, the commercial rectangular waveguide ter-
mination provides a reflection coefficient lower than −37.7 dB
over the whole K-band. This termination is more efficient and
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Fig. 10. Illustration of the measurement bench: materials and communication
protocols used.

provide a wider bandwidth than the proposed design but its
weight (40 g) and length (85 mm) are not compatible with its
integration in very compact systems.

So, the proposed topology associated with multi-materials
3-D-printing allows the fabrication of low-cost low-weight
ultracompact terminations dedicated to low-band low-power
applications. Such printed components will not replace stan-
dard wideband termination but will provide a solution for some
applications with limited band of frequencies.

B. Temperature Behavior

To evaluate the temperature stability of the component, a
lab-made test bench was developed (see Fig. 10). It imple-
ments specific hardware and software.

1) MKFT 115 E4 climatic chamber from Binder covering
the temperature range −70 ◦C to +180 ◦C.

2) Two Rohde and Schwarz ZNB20 and ZVA67 vector net-
work analyzers covering the frequency ranges [100 kHz;
20 GHz] and [100 MHz; 67 GHz], respectively.

3) LabVIEW 2020 software which allows controlling the
whole measurement bench.

4) An Ethernet switch to establish communication between
the control software and the measuring devices.

Communication between the various devices and the result-
ing data processing is ensured by the LabVIEW software via
universal serial bus (USB) or Ethernet type buses using the
transmission control protocol (TCP).

To ensure the quality of the measurements, it is necessary
to make sure that the temperature is stabilized within the
device under test (DUT) and not only within the climatic
chamber. To do this, the program analyzes the fluctuations
of the temperature in the chamber on the one hand and the
S-parameters on the other. The measurement will only be done
if these two data are considered to be stable.

For the temperature variations in the chamber, we follow the
procedure shown in Fig. 11. Two parameters are set via the
software application interface: the maximum deviation from
the set temperature T (0.1◦ by default but a lower value can be
set) and the stabilization time (5 min by default) during which
the temperature variations must not exceed the value �T .

This process ensures that the temperature of the chamber is
well defined but this step is not sufficient to guarantee that the
temperature within the device to be characterized is also well
defined. We have therefore imposed a second criterion which
consists in analyzing the S-parameters. Thus, it is possible to

Fig. 11. Principle of temperature stabilization of the climatic chamber: the
measured temperature must be equal to the set point at ±�T and during a
minimum stabilization period.

Fig. 12. Principle of stabilization of S-parameters in the case of a reflection
coefficient: the difference between two consecutive measurements must be
less than a limit for all frequency points in the area of interest.

work either on the reflected signal (S11) or on the transmitted
signal (S21) depending on the DUT.

The principle is to compare the difference between two
consecutive measurements separated by 5 s and to verify that
this difference in magnitude is lower than a predefined limit
(0.01 dB by default) for all the frequency measurement points
in the area of interest (bandwidth for a filter or resonance peak
for a resonator for example). The zone of interest, in which
the analysis will be performed, is defined by a threshold.
Fig. 12 illustrates this sequence in the case of a reflection
measurement.

Temperature stabilization is only considered to be
established if the two previous criteria are reached
simultaneously. Once this stabilization is validated, the
measurement is taken into account and saved before moving
on to the next temperature point for which the temperature
stabilization cycle is repeated.

This bench was used to investigate the temperature
behavior of the multi-materials compact K-band termination
between −20 ◦C and 60 ◦C. As an example, Fig. 13 presents
S-parameters of a compact termination (es = 1.4 mm, ap =
4 mm, bp = 4 mm, τ = 200 μm) at different temperatures.
At low temperature (−20 ◦C), reflection coefficient tends to
increase but remains lower than −20 dB in the frequency
range of interest. Despite these variations, the maximum
resonance frequency shift is 320 MHz and the −15 dB RBW
remains between 20.8% and 25.6% in the temperature range.
When considering the very compact size of the component
and the related sensitivity, the temperature stability appears
to be quite satisfying.

V. EXTENSION TO OTHER FREQUENCY BANDS

The concept of this termination seems to be very general
and we therefore tried to extend it to other frequency bands.
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Fig. 13. S-parameters of a compact K-band multi-materials termination
(es = 1.4 mm, ap = 4 mm, bp = 4 mm, τ = 200 μm) for temperatures
ranging from −20 ◦C to 60 ◦C.

Fig. 14. Comparison between measured and simulated reflection parameters
S11 of multi-materials X-band compact terminations for ap = 7 mm and ap
= 8 mm.

X-band (8–12 GHz) was chosen because we are able to
evaluate the power handling of components in this frequency
band.

The topology is the same than the one presented in Fig. 5 but
the dimensions were adapted to be used with a standard open-
ended WR-90 waveguide. As the PLA permittivity does not
show any dispersive behavior, the same dielectric properties
than in K-band were considered. For PLA-C whose permittiv-
ity and loss tangent strongly vary with frequency the properties
given in [11] were used.

In the X-band, optimum performance was got for the
following dimensions: es = 4 mm, bp = 8 mm, τ = 400 μm.
Two different terminations with ap values of 7 and 8 mm
were selected. The fabrication process was the same than the
one presented in Section III. The fabrication time for a single
component is around 1 h and the material cost is evaluated to
about 1.2 C.

Simulated and measured reflection coefficients for both
ap values are presented in Fig. 14 and their characteristics
compared in Table I.

As in K-band, the frequency of maximum absorption can be
controlled by the size of the pad. The agreement between sim-
ulation and measurement is satisfying with a maximum devi-
ation of 110 MHz (1.1%) on the center frequency. The RBW

TABLE I

COMPARISON OF CENTER FREQUENCY AND RBW OF X-BAND
MULTI-MATERIALS TERMINATIONS

Fig. 15. Schematic of the power test bench.

is very similar to that obtained on K-band terminations with
a value around 20%. These measurements demonstrate that
this multi-material topology is a very flexible concept that
can be applied to a wide range of frequencies, and therefore,
to associated applications.

VI. POWER HANDLING CAPABILITY

The PHC of FDM-based components is lower than that of
ceramic component limiting their use to low-power applica-
tions. To identify the potential applications of these compo-
nents, the evaluation of the PHC has been performed with the
power test bench presented in Fig. 15. The main components
of the bench are: an Agilent 8757E scalar network analyzer
used as a continuous wave (CW) source, a AA-MCS 30 W
6–12 GHz power amplifier, a HP 772D 2–18 GHz directional
coupler, and a R and S NRP67T power sensor. The measure-
ment frequency of 11 GHz was chosen so that the directivity
of the coupler was minimum to ensure a difference of more
than 30 dB between the leakage of incident signal and the
signal reflected by the termination. The incident power level
was first calibrated by positioning the power sensor in place
of the component under test.

A standard wedge termination was designed and 3-D printed
(only with PLA-C) to compare its PHC to the one of the
multi-materials’ compact termination. To ensure the same
reflection coefficient than the compact termination at 11 GHz,
the length of the wedge termination has to be 21 mm, i.e.,
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Fig. 16. Evolution of the reflected power as a function of the incident power
at 11 GHz for standard wedge and compact multi-materials terminations. Inset:
Heat damaged standard wedge (red line) and compact multi-materials (blue
line) terminations. The arrows indicate the assumed start of the component
degradation.

a size approximately 5 times higher than the compact one.
The procedure was the following.

1) A first measurement of the reflected power Pr is per-
formed at a low incident power level (Pin = 0.07 W).

2) The incident power level is increased and the reflected
power is measured when stabilization is reached.

3) The incident power is decreased to the minimum level
and the reflected power is compared to the initial mea-
surement so that to ensure that the critical incident power
is not reached and that an irreversible damage does not
occur.

This procedure is continued until a significant change
(±1 dB) in the reflected power at low incident power level
is observed.

Fig. 16 shows the evolution of the reflected power Pr as a
function of the incident power Pin for the two terminations.
The compact termination presents a quite linear evolution up
to 0.49 W. For higher power values, the slope, which is directly
related to the reflection coefficient of the component, increases
sharply. We suppose that the change of slope is due to a
change in the behavior of the material, most probably passing
from a glassy state to a rubbery state in a sufficient way for
the phenomenon to be irreversible. It is worth noting that
this is an amorphous thermoplastic matrix composite. It is
difficult to identify the actual beginning of the damage of
the component because there is not a drastic change in the
reflection coefficient of the termination. However, after this
measurement, a fusion zone is visible on the PLA-C pad.

For the wedge termination, the reflected power as a func-
tion of incident power remains quite linear up to 2.04 W.
The oscillation at lower power levels may be related to
temperature-dependent changes in EM properties and/or mate-
rial expansion. A large, damaged zone can be seen at the base
of the wedge after this measurement.

One should note that these experiments were done on
two different samples of each termination type and provided
similar results. To go further in the evaluation of this PHC,
multiphysics simulations were performed. Ansys HFSS1 soft-
ware is used to perform an EM simulation.

Fig. 17. Simulated evolution of the maximum temperature as a function of
incident power for standard wedge and multi-materials compact terminations
at 11 GHz.

As a first approximation, the intrinsic characteristics of the
printed materials (permittivity, loss tangent) are assumed to be
independent of temperature. The Ansys Workbench1 software,
allows making a direct link between the EM simulation and
the thermal simulation performed under Mechanical1 software.

In these simulations, the isotropic thermal conductivity of
the considered materials is 0.144 W · m−1·◦C−1 for PLA and
400 W · m−1·◦C−1 for copper, respectively. The heat transfer
coefficient of the air is 10 W · m−2·◦C−1 and the initial
temperature is 22 ◦C.

The temperature evolution in the component has been
studied for each topology in the 0.1–2 W power range.
Fig. 17 shows the evolution of the maximum temperature in
both components as a function of the incident power (CW
at 11 GHz). The fusion temperature of PLA is 160 ◦C. It is
observed that the irreversible temperature is achieved for a
critical incident power of 0.44 and 2 W for the compact multi-
materials termination and wedge termination, respectively.
These simulation results are in good agreement with the
measured behavior observed on Fig. 16.

Fig. 18 shows the thermal mapping at 11 GHz at critical
maximum incident power levels for both terminations under
study. It highlights the influence of the shape on the heat
distribution, and thus, on the PHC of the components.

These experimental and simulated evaluations of the PHCs
seem to demonstrate that the compact multi-materials termina-
tion maximum power handling is more than four times lower
than the one of the standard topology. This is due to a worse
distribution of heat which results in a higher concentration of
heat at critical point.

Even though simulations and experiments are in quite
good agreement, further investigations have to be performed.
At first, it is difficult to identify the beginning of the dam-
age for such rectangular waveguide terminations. Performing
measurements on open structures, such as planar terminations,
would allow a better identification of the onset of fusion.
Then, default values (workbench libraries) are currently used
to perform multiphysics simulations and the same thermal
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Fig. 18. Thermal mapping for (a) standard wedge termination made of
PLA-C for an incident power Pin = 2 W and (b) compact multi-materials
termination for an incident power Pin = 0.44 W at 11 GHz.

properties are used for PLA and PLA-C materials. Additional
measurements will be soon performed to better evaluate ther-
mal conductivities, coefficients of thermal expansion, specific
heat values, and temperature dependence of dielectric proper-
ties. One should note that PHC can be drastically improved
using materials with higher fusion temperatures and/or
higher thermal conductivities such as polyphenylene sulfide
(PPS)-, polyetherketoneketone (PEKK)- or polyetheretherke-
tone (PEEK)-based filaments [13], [14].

VII. DISCUSSION

Table II compares performance of our terminations with
literature. This table indicates the RBW together with the
length of the components divided by the wavelength at the
center frequency λ0 and their volume divided by the cube of
the wavelength at the center frequency λ3

0 so that to calculate
normalized length and volume independent on frequency band.
The normalized volume will make it possible to compare the
compactness of the different terminations.

The shortest termination is achieved in [1] with a length
of 0.03 λ0. However, this length corresponds to the PCB
thickness that has to be integrated in a short-ended metallic
waveguide. Moreover, the −15 dB RBW of this component is
drastically low.

Terminations developed in [3] and [4] present high RBW
but cannot be considered as compact as their length are several
times longer than wavelength at their center frequency.

The most interesting components are developed in [2].
The length of the functional part, i.e., PCB power dividers,
is only 0.07 λ0 to 0.09 λ0 and their RBW are between 14.2%
and 27.3%. However, these planar power dividers require a
dedicated metal housing to integrate 50-� resistors so that the
effective volume of these components were estimated to be
1.6 λ3

0.

TABLE II

COMPARISON OF PERFORMANCE WITH LITERATURE

Our components have a maximum length of 0.13 λ0, two
times higher than components in [2]. However, as flanges are
printed together with the functional part of the termination
(i.e., Salisbury resonator), the total length is not greater than
the length of the resonator. The total volume of these stand-
alone multi-materials terminations is less than 0.3 λ3

0, thus
5 times lower than other published terminations. This demon-
strates that this new concept can lead to efficient ultracompact
terminations that can be easily integrated in different architec-
tures.

VIII. CONCLUSION

A compact multi-materials topology of rectangular
waveguide terminations is proposed. This topology, based
on a Salisbury resonant absorber, can be fabricated by
multi-materials 3-D printing in a single process so that
very low-cost low-weight components can be produced.
The concept has been experimentally validated in K-band
(18–26 GHz) and X-band (8–12 GHz) thus demonstrating
the flexibility of the topology and fabrication process. For the
moment, the PHC of the component limits the applications to
low-power systems with moderate RBW (around 20%).

Further improvements can be done. To increase the band-
width, a superposition of PLA-C/PLA bilayers can be consid-
ered in an approach similar to Jaumann absorbers in freespace.
Moreover, we are planning to study other printable polymers
and composites with higher fusion temperatures and thermal
conductivities that could improve the behavior of the termina-
tions in harsh environment and/or higher power systems.
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