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ABSTRACT A low-cost approach for the fabrication of low-loss microwave components in hybrid technol-
ogy of laminates and additive manufacturing is presented in this paper. A standard copper-cladded printed
circuit board technology is used in combination with a basic stereolithographic 3D printing technology and
industry-standard physical vapor deposition technology of aluminum for manufacturing one of the basic
building blocks of microwave systems – a 3-dB coupled-line directional coupler in suspended technique
operating at 2.0 GHz band. A thin laminate with the coupler traces’mosaic is suspended inside ametal-coated
3D printed enclosure. The presented study explores the performance of the circuit in terms of total power
loss vs. the properties of deposited metallization layer serving as a ground plane. It is shown that when
the surface roughness of the 3D printed enclosure is low enough, which can be achieved with the use of
a layer of lacquer primer before metal deposition, the conductor-related power losses are lowered to an
acceptable level. An exemplary directional coupler was developed along with three variants of the enclosure
and the reference one. The measurement results validate the potential of this hybrid technique to deliver fully
valuable microwave components at a very low manufacturing cost.

INDEX TERMS 3D printing, additive manufacturing, aluminium metallization, directional coupler, hybrid
manufacturing technology, packaging microwave components, physical vapor deposition, stereolithography.

I. INTRODUCTION
Additive Manufacturing (AM) technologies have gained
recently momentum due to increased interest for academic
research as well as in industrial solutions since they respond
to the expectations of today’s needs such as the low-cost
realization of complicated 3D geometries, ease of adjust-
ment for mass production as well as minimum resource
wastage [1]–[4]. Thus, the AM technologies, initially adopted
for rapid prototyping to test the design before the final
product development, rapidly evolved toward the complete
(one-pass) manufacturing of end-use components [5], [6].
Significant development of the manufacturing equipment
as well as material engineering has led to the availability
of many 3D printing techniques, among which the most
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popular ones are FDM (fuse deposition modeling) and SLA
(stereolithography) due to the wide access to the commer-
cially available low-cost desktop printers.

Recently, radiofrequency (RF) engineers have started to
leverage AM technologies, including 3D printing, to develop
the next generation of microwave and millimeter-wave
devices, among which are millimeter-wave wireless and
satellite communication systems and components such as
waveguides, sensors, antennas, filters, power dividers, etc.
References [7]–[12]. While the realization of complex 3-D
geometries out of dielectric materials is already well estab-
lished, it can be observed, that it is still challenging to
realize low-loss (low resistivity) conductive structures using
3-D printing technology, which is required for many RF
devices. Importantly, at microwave frequencies, the current
flows through the conductors only within a skin depth thick
cross-section ranging between a fewmicrometers to hundreds

128766 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0002-6216-7581
https://orcid.org/0000-0001-9862-5794
https://orcid.org/0000-0002-2613-0917


J. Sorocki, I. Piekarz: Low-Cost Microwave Components’ Fabrication in Hybrid Technology

of nanometers. The above in combination with the conductor
surface roughness contributes to the effective conductor resis-
tivity that can be much higher than the one for bulk metal.
Therefore, a variety of methods have been tested to address
this issue. One of the methods is to use a special sputtering
system, which allows covering the dielectric printed part with
copper metal [7], [10]. This method yields very good results
in terms of conductivity as hundreds of micron thick layer
of copper can be deposited, however, requires a multi-step
process to achieve good adhesion to a plastic surface and the
sample can heat up to a point of permanent deformation due
to the use of plasma in the process [13]. Another method
described in the literature is the utilization of conductive
filaments and the FDM-type 3D printing technique [14], [15],
to print the conductive traces or surfaces that significantly
simplifies the circuit manufacturing process. Nevertheless,
to date, the available off-the-shelf filaments on the market
provide insufficient for practical use conductivity, and there-
fore, additional processes such as electrodeposition of copper
are needed on top [16]. Recently, the development works
are conducted towards novel manufacturing technologies for
printing the conductive parts out of metal powder through e.g.
selective laser melting [17]. As of now, however, those pro-
cesses are expensive, especially when the fine resolution for
the realization of complex conductive geometry is required.

One of the most popular techniques of plastic metalliza-
tion widely used in industry is the physical vapor deposition
(PVD) method [18]. This coating technique is used in the
automotive industry, packaging industry, for optical compo-
nents, reflectors, etc. with its advantage being the coating
time. With most metallic materials, the coating deposition
needs only a few minutes once the required vacuum level is
achieved as thicknesses of tens of nanometers are sufficient.
Since the vapor-phase atoms condense on the relatively cold
exposed surface of the plastic part, and thus, part heating
is so slight that even highly temperature-sensitive materials
maintain their shapes. The commonly used coating metal is
aluminum due to its silvery brilliance and high adherence.
Although the PVD technology is low-cost and utilized in
mass production, its utilization in additivelymanufacturedRF
electronics has not been comprehensively studied so far.

In this paper, a detailed study on the usability of the
vacuum metallization technique of the 3D printed parts
is presented towards the low-cost fabrication of low-loss
microwave systems using the hybrid technology of lami-
nates and additive manufacturing. A standard copper-cladded
printed circuit board technology is used in combination with
basicmasked stereolithography (MSLA) 3D printing technol-
ogy and industry-standard physical vapor deposition of alu-
minum for manufacturing one of the basic building blocks of
microwave systems – a 3-dB coupled-line directional coupler
operating at 2.0 GHz band. The study explores the perfor-
mance of the circuit in terms of total power loss vs. the con-
ductivity of the deposited metallization layer serving as the
circuit’s ground plane on top of a 3D printed enclosure. Such
fabrication is especially useful for the realization of low-loss

circuits in suspended dielectric structures where dielectric-
related losses are drastically reduced due to the introduction
of lossless air filling. As a result, the conductor-related losses
are the main loss mechanism, and thus, low effective resis-
tivity metal of both the circuit traces and ground planes is
of importance. To minimize the affection of dielectric related
losses onto total power losses, the exemplary coupler circuit
was realized in a suspended stripline technique exploring the
enhanced 2.5D dielectric structure described in [19] where
a thin center laminate with the coupler traces’ mosaic is
suspended over a locally variable air-layer thickness improv-
ing the coupler’s performance. Additionally, the coupler was
miniaturized through the quasi-lumped technique. The exem-
plary directional coupler was developed along with three
variants of the enclosure and the reference one. The measure-
ment results have shown that when the 3D printed enclosure
surface roughness is small, the power losses are lowered to
an acceptable level. When the printing technology does not
deliver a given surface smoothness, a layer of lacquer primer
can be used before metal deposition. The obtained results
validate the potential of this hybrid technique to deliver fully
valuable microwave components at very low manufacturing
cost featuring reliable mechanical construction and relatively
high electrical performance with low power losses.

II. MATERIALS AND METHODS
A. MINIATURIZED COUPLED-LINE DIRECTIONAL
COUPLER DESIGN
A coupled-line directional coupler is a four-port device com-
posed of two sections of a transmission line close to each
other that enable some of the power delivered to the input
port of one strip to be coupled through an electromagnetic
coupling to the other strip’s coupled port while the remaining
power is transmitted to the first strip’s transmitted port with
the last port isolated. Coupled-line couplers feature wider
operational bandwidth due to the above-described coupling
mechanism in comparison to directly connected directional
couplers, and therefore, are widely utilized in RF signal dis-
tribution networks. Applications such as power division and
combination networks, power level monitoring circuits, mea-
surement multi-ports, antenna feeding, and beam-forming
networks [20] are some of the examples. The radio frequen-
cies reserved internationally for industrial, scientific, and
medical (ISM) purposes are allocated among other bands,
also at lower frequencies up to 5.8 GHz, at which the coupled-
line couplers occupy a relatively large area. Therefore,
many techniques have been developed during the past
years [21]–[23] allowing for couplers’ size reduction. One
of them [22], [23] is the quasi-lumped approach, where the
coupled-line section is divided into n subsection and each
of them is approximated through high-impedance coupled
sections and lumped capacitors to realize the required per-
unit-length inductive and capacitive elements. The miniatur-
ization factor in this case depends on the maximum available
coupling of the utilized dielectric structure. On the other
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hand, there are a few techniques for the dielectric stack-up
realization to choose from. One of them is the suspended
stripline technique [19], [22] that have advantages such as
symmetry of the dielectric structure and lower dielectric-
related insertion losses as the center laminate is suspended
over the upper and lower ground planes in-between two
lossless air-filled layers. From the perspective of this study,
the additional benefit is that the conductor-related losses
make up the majority of the total power losses what is
the main object of interest. The main disadvantage of the
suspended stripline is the non-homogeneity of the medium
(permittivity of air and permittivity of suspended laminate are
different), which leads to coupler’s performance deterioration
when capacitive and inductive coupling coefficients equaliza-
tion technique of the constitutive coupled-line section is not
applied [24], [25]. On top of that, a robust enclosure is needed
to serve both mechanical functions ensuring the integrity of
the self-enclosed device and provision of proper suspension
of the laminate with the coupler’s mosaic over the air layers
above the ground plane as well as the electrical function of
provision of the uniform low-resistivity metal ground plane
for the circuit where upper and lower surfaces are connected
all together with ones on the laminate (if any). Recently, it has
been shown that the development in additive manufacturing
(3D printing and surfacemetallization) enables the realization
of a lightweight conductive enclosure with features such as
a locally variable air-layer thickness, giving the possibility
to entirely or partially realize the coupler’s compensating
elements to improve its electrical performance [19].

In this study, a 3-dB (equal power split) coupled-line direc-
tional coupler was designed to operate at the center frequency
of f0 = 2 GHz. The approach shown in [19] was followed
taking advantage of the enhanced 2.5D dielectric structure (as
enabled by the fabrication technology) accompanied by the
quasi-lumped element miniaturization technique described
in [22] and performance improvement technique due to inho-
mogeneous medium [25]. An overcoupling of 0.6 dB @ f0
is assumed as to obtain a coupling bandwidth. A stripline
dielectric structure represented in Fig. 1 was used. A thin
DuPont Kapton laminate of hlam = 50 µm thickness and
permittivity of εrlam = 3.4 (loss tangent tanδlam ≈ 0.003)
providing metal layers m1 and m2 with 17 µm of copper was

FIGURE 1. A cross-section view of the 2.5D enhanced stripline dielectric
structure used for the design of a miniaturized coupler. A thin center
laminate with two-sided metallization of m1 and m2 is suspended over
the top and bottom ground planes mgnd creating a thick lossless air layer.
Width w1 was selected in a way not to affect the coupled-line section.

suspended over the top and bottom ground planes mgnd with
h1 = 5 mm layer of air in the coupled-line section region.
The initial coupled-line strips’ width w was chosen to be as
narrow as possible (limited by the PCB fabrication tolerances
here) to maximize the circuit miniaturization [22] and realize
the required self-inductance L1, thus w = 0.12 mm was set.
Next, the required strips’ mutual- and self- capacitances Cm
andC1, respectively were calculated for a maximum coupling
available in the structure (kmax = 0.893) and the desired nom-
inal coupling assuming that the coupler is divided into n = 4
subsections. The coupled-section’s layout was further minia-
turized by meandering the coupled strips. When designed
properly as shown in [23] this has the additional advantage
of partial realization of the C1 and Cm capacitances, and
thus reducing the remaining required lumped capacitances’
footprint. On top of that, the ground plane was introduced
on metals m1 and m2 as well for further reduction of C1
footprint (as it is inversely proportional to the distance to the
ground). Finally, the coupler’s connecting signal transmission
lines were designedwith the air-layer underneath altered to an
optimized thickness of h2 = 0.3 mm (see Fig. 2) to reduce
the footprint of transition region compensating capacitance
and decrease the lines’ width as presented in [19] for better
circuit compactness.

FIGURE 2. Top (a) and bottom (b) view of the designed coupler’s layout.
Top metal m1 is depicted in red while bottom metal m2 in blue; the
region of h1 air layer underneath the miniaturized coupled-line section is
depicted in dark gray. The functional port notation is assumed here as:
#1 is the input port, #2 is the coupled port, #3 is the thru port and #4 is
the isolated port. However, the functionality is maintained with proper
relation when either of the ports is selected as input. Coupler’s length
over the thick air layer is l2 = 7.98 mm while the total length of the
coupled-line section is lCL = 9.26 mm.

The final layout of the developed miniaturized 3-dB cou-
pler is presented in Fig. 2 while the frequency response
calculated through the full-wave electromagnetic (EM) sim-
ulation (coupler and connecting lines) using NI AWR Design
Environment software with AXIEM 2.5D solver is provided
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FIGURE 3. EM simulated frequency characteristics of the designed coupler
as for the layout shown in Fig. 2 that include the coupled-line section,
compensated transitions, and 12 mm long sections of transmission lines.

in Fig. 3. As seen, the coupler features equal power split with
an imbalance of δC ≈ ±0.6 dB and coupling bandwidth
of ∼2.6, a quadrature-phase difference between coupled and
through ports, and isolation/impedance match better than
−35 dB within the operational bandwidth. Total power
loss calculated for perfectly smooth, 17.5 µm thick copper
metal on m1, m2, and lower/upper ground planes equals
0.20 dB @ f0 (0.11 dB for the miniaturized coupled-line
section only). It needs to be underlined, the coupler’s layout
is two times smaller as compared to a classic coupled-line
coupler realized in a homogeneous dielectric structure of
permittivity εr = 3.4.

B. CIRCUIT’S FABRICATION
The fabrication process of the designed circuit for the exper-
imental study was done in three steps i.e., i) fabrication of
coupler’s mosaic on the laminate through PCB technology,
ii) additive manufacturing of multiple identical units of the
enclosure through the 3D printing technology, iii) metal-
lization of the enclosures through the PVD technology with
varied process parameters. All of the above can be done at
a very low-cost, especially for high volume production. The
same pre-assembled laminate inset was used in combination
with all the enclosures to reduce the number of variables
affecting the coupler’s performance down to the ground plane
metallization only.

1) COUPLER’S CENTER LAMINATE FABRICATION THROUGH
THE PCB TECHNOLOGY
For circuit fabrication, the manufacturing version of the lay-
out was prepared. For ease of assembly and integration of
PCBwith the enclosure, a transition fromm2 tom1 was added
to the connecting transmission lines to make all the ports to be
on the same top (as referenced to the ground plane belowm2)
metal layer. Moreover, to allow for a reliable ground plane
connection between the SMA connector and couplers’ enclo-
sure, the ground planes onm1/m2 were extended to the PCB’s
edges mating with the connectors’ ground. Such a configura-
tion allows for pre-assembly of the PCB reducing the num-
ber of assembly failure points since both center pin as well

as outer conductor of the SMA connectors can be directly
soldered to the coupler’s metal on the laminate. Otherwise,
those grounds could not be connected, as soldering to the
aluminum metalized enclosure is hardly possible. Moreover,
indentations were added to limit the solder flow beyond
the connector sides so the solder is restrained and does not
interfere with the enclosure walls when assembled. To ensure
proper connection between the ground planes on the laminate
and the metalized surface of the 3D enclosure, a metal skirt
around the circuit on the m1 and m2 metal layers was added
creating a large surface area for pressure contact.

The PCB was manufactured using the photolithography
method where a masking film with the circuit pattern is used
to expose a UV-light sensitive photoresist layer that the bare
laminate is coatedwith beforehand. Then, the unwantedmetal
is etched down (chemical etching with sodium persulfate as
the etchant solution) leaving the circuit traces. A photograph
of the unit is shown in Fig. 4.

FIGURE 4. Photograph of the in-house fabricated PCB (chemical etching,
sodium persulfate as the etchant solution) on a thin laminate with the
designed coupler traces and four SMA connectors soldered visible.

2) COUPLER’S ENCLOSURE FABRICATION THROUGH THE
M-SLA 3D PRINTING TECHNOLOGY
For fabrication, the manufacturing version of the enclosure
was designed using a 3D modeling CAD software based
on the primitives exported out of the EM CAD software.
The final model of the enclosure was created considering
the up-and-down sides of manufacturing through the 3D
printing process and the final assembly of the hybrid circuit.
The two-piece enclosure together with the inner laminate is
intended to comprise a self-enclosed circuit. For that reason,
the mechanical and electrical features are complementary
to each other. To ensure mechanical strength and mounting
points for the top and bottom halves of the enclosure as well
as to provide a low-inductance connection between top and
bottom ground planes, large surface area pads were designed
together with a set of lego-like tightly-fitted post and hole ele-
ments. Moreover, brackets for SMA connectors were added
to allow for the reduction of peeling force on the laminate
while coaxial cables are connected during measurements.

The enclosure was manufactured using the Prusa Research
hardware-software ecosystem for hobbyists. The Original
Prusa SL1 printer was used, which is an M-SLA printer
utilizing a high-resolution LCD panel having a pixel size
of 47 µm and a UV LED panel to cure thin layers of resin.
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A high-quality UV photosensitive transparent tough liquid
was chosen as a base material. The CAD software exported
model was sliced using the Prusa Slic3r software at 0.1 mm
layer height being aligned with an integer multiple to the
minimum step in the Z-axis of the model (here 0.3 mm)
to generate the printer commands file. The default curing
profile for the tough resin was used. Models parts were
placed directly on the build platform to ensure maximally
flat and even X-Y surfaces which are crucial for achieving
good effective conductivity of the ground plane. This way
the surface of the finished print is only affected by the size
and construction of the LCD. The UV light during the curing
process is being shuttered by the pixel edges resulting in
uneven exposure of the resin and thus peaks and valleys
reflecting the panel arrangement. Supports were added only
in the region of the SMA holders. The printed units were
post-processed by cleaning and curing them using the Origi-
nal Prusa CM1 curing-washing machine. The photograph of
an exemplary unit of the 3-D printed enclosure is presented
in Fig. 5.

FIGURE 5. Photographs presenting the in-house 3D printed enclosure
that after metalizing will host the coupler’s thin center laminate. The
outer dimensions after assembly are 30.5 mm x 30.5 mm x 14 mm.

3) COUPLER’S ENCLOSURE METALLIZATION THROUGH THE
PVD TECHNOLOGY
Since the main function of the printed enclosure is not only
the mechanical support for the suspended thin laminate with
the coupled-line coupler mosaic but also ensuring ground
plane for the circuit, the 3-D printed part was in the next step
metalized. For this purpose, one of the most popular tech-
niques, widely used in industry for mass-production i.e., the
PVD method was utilized. The enclosure was metalized by
a local company, that provides services of metallization and
processing of plastics in a majority for automotive reflectors
and cosmetic packages. Process settings of a metal coating
run and machinery used is the company’s know-how and
is outside of the scope of this study. A common practice
in those cases is to put a layer of lacquer before metal
deposition for improved reflectiveness of the surface as the
treatment reduces plastic surface roughness by filling all the
unevenness. The same pre-processing can be beneficial for
microwave circuits as the effective metal resistivity increases
with roughness. Therefore, three variants of the enclosure
were manufactured and tested with altered process parame-
ters, namely A1-A3 were:

a) A1 (L1A2) uses a 3 step process: the raw part coated with
one layer of lacquer primer→ first run of thin aluminum

layer deposition onto the part in the vacuum chamber
→ second run of thin aluminum layer deposition onto the
part in the vacuum chamber;

b) A2 (L0A2) uses a 2 step process: first run of thin alu-
minum layer deposition onto the raw part in the vacuum
chamber→ second run of thin aluminum layer deposition
onto the part in the vacuum chamber;

c) A3 (L2A1) uses a 3 step process: raw part coated with
first layer of lacquer primer→ part coated with the second
layer of lacquer primer→ one run of thin aluminum layer
deposition onto the part in the vacuum chamber;

Moreover, an extra reference enclosure was manufactured,
namely C4 where:
d) C4 (L0C1) uses a 1 step process: the raw part is taped with

a 25 µm thick copper tape with adhesive backing.
Photographs of the metalized 3-D printed enclosures A1-A3,
C4 are shown in Fig. 6.

FIGURE 6. Photographs of the external company metalized two-part
enclosure for the designed directional coupler in four different variants:
A1 – one coat of lacquer, two runs of aluminum deposition (a), A2 - no
lacquer, two runs of aluminum deposition (b), A3 - two coats of lacquer,
two runs of aluminum deposition (c) and C4 – no lacquer, copper
taped (d). The part reflectiveness is mainly affected by its surface
roughness.

4) COUPLER’S ASSEMBLY
After manufacturing all the parts, the coupler circuit was
assembled. At first, the laminate was pre-assembled by sol-
dering all four SMA connectors to the m1 metal. After that,
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two halves of the enclosure were snapped together with the
laminate in the middle using the lego-like process. A set
of screws was used to tighten all the press-contact regions
of ground planes on the enclosure and laminate into one
unified, galvanically connected ground plane. Photographs
presenting the fully assembled, self-enclosed component are
shown in Fig. 7.

FIGURE 7. Photographs presenting the assembly process of the
developed coupled-line coupler: the thin laminate with pre-soldered
connectors is fitted into the bottom part of the assembly (a), the top and
bottom sub-enclosures are snapped together with the laminate in the
middle (b) and screws are added for better press-contact of ground
planes (c).

III. RESULTS
The usability of the proposed low-cost hybrid manufacturing
approach towards the realization of microwave components
was evaluated based on the measurement results of the devel-
oped samples that share the same circuit design. The end-goal
here is to verify if the effective resistivity of the additively
manufactured enclosure’s ground plane is low enough to
yield total microwave power losses at an acceptable level for
circuits operating in the frequency range of a few gigahertzes.

First of all, the scattering parameters of the manufactured
directional coupler for four different variants of the ground
plane (enclosure) metallization were measured. The Agilent
PNA Network Analyzer N5227A calibrated using SOLT
standards with the reference plane set at the SMA connec-
tors plane was used. For each tested enclosure, the same
manufactured center laminate piece was used since closely
matched performance in each case is essential from the
perspective of this study as in opposition to the absolute
performance of the coupler. The measured S-parameters are
displayed in Fig. 8 while parameters of interest are summa-
rized in Table 1. The observable inter-variant difference is
mainly due to three reasons:

- The laminate-to-ground distance of h2 and h3 differs
what is especially pronounced for small thicknesses. As a
result, the effective permittivity in the connecting line and

FIGURE 8. Measured S-parameters of the developed suspended
directional coupler for four variants of the enclosure metallization
variants: A1 (a), A2 (b), A3 (c), and reference C4 (d).

transition compensation region varies, influencing the
impedance match. E.g. reduction of h3 by 1h3 = 50 µm
leads to impedance match reduction by ∼ 6 dB @ f0.
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TABLE 1. Summary of the measured parameters of the manufactured
directional coupler for each of the enclosure variant.

- Since the used laminate is very thin and there is not
much metal on it to stiffen the sheet, it can slightly flex
leading to variation of laminate-to-ground distance. This
might have happened even though the laminate/enclosure
is assembled in a way to put a small and uniform tension
on the laminate in a longitudinal direction to prevent this
effect. The result is quite similar to the first case.

- Variation in length l2 of the h2 thick layer underneath the
coupled-line section (as a result of 3Dmodel reproduction
with an accuracy of the pixel size (here± 47/2µm) and/or
adding an extra layer (like lacquer) to the vertical wall
of the printed enclosure) change the electrical length of
the coupler and thus its center frequency of operation is
shifted.

- Finite print-to-print tolerances and assembly accuracy
affection.

Following, the total RF power loss within the circuit (direc-
tional coupler along with connecting transmission lines)
was determined for each enclosure variant (as a difference
between total power delivered to a given input port and
powers transmitted to remaining ports and reflected from the
input port) and is provided in Fig. 9. Importantly, even though
the total loss is a sum of conductor losses and dielectric losses
(which tend to increase with frequency) this does not affect
the comparison results as the same dielectrics andm1,2 metals
are used. Therefore, it is safe to assume that the observed
variation is due to differences in the ground plane metalliza-
tion. It is seen that the reference C4 enclosure with 25 µm of
copper provides the lowest power losses of 0.238 dB @ f0,
as it was expected. Moreover, the loss level matches the
one determined from EM simulations where 0.5 Cu/oz
was assumed (see Section II.A for reference). Interestingly,
the A1 and A3 enclosure provides almost identical perfor-
mance with total losses of 0.366 dB @ f0 and 0.393 dB @ f0,
respectively. The A2 variant where no lacquer primer is used
provides the highest losses of 0.846 dB @ f0. This is more
than a 1.1169-fold increase (linear scale for power) with
respect to A1, even though the coated metal thickness is
roughly the same. From the perspective of the microwave
circuit realization, the already provided data can be used to
draw initial conclusions:
- The strategy of A1 and A3 metallization yield better

results of A2 for obtaining lower losses.

FIGURE 9. Averaged (across values derived for each port treated as the
input one) total power losses calculated out of the measured
S-parameters for enclosure variants: A1, A2, A3, and C4 of the directional
coupler sharing the same manufactured center laminate along with the
EM simulation reference data. The observed variation in losses is
attributed to the difference in the ground plane properties.

- Even though the power losses of A1/A3 are 1.03-/1.036-
fold higher than of C4, the strategy of A1/A3 is useful for
manufacturing considering its very low cost.

However, the above does not paint the whole picture, and the
strategy to minimize the total losses can be further identified.
It needs to be noted first, that the total power loss is associated
with effective properties of all the metal layers of the circuit
which in this comparative study boils down to the difference
in the ground plane properties. The effective resistance of the
metal is a resultant of the bulk metal resistivity and its surface
thickness and surface roughness. The above ingredients are
bounded with the general relation:

Reff = rρ
L
A
= r

ρ

tc

L
W
= rRSq

L
W

(�) (1a)
tc = t

tc = δ =

√
2ρ

2π f µ0µr

for
t ≤ δ
t > δ

(1b)

where Reff is the effective metal resistance, ρ is bulk resistiv-
ity in (�/m), A is the sheet cross-section area which can be
split into current flow thickness tc (m) and width of W (m),
t is the sheet thickness, δ is the current skin depth, L (m) is
the sheet length parallel to which the current flows, RSq is
the sheet resistance (�/sq) and r is a generalized surface
roughness coefficient; f (Hz) is the frequency andµ0µr is the
absolute permeability of the material. Therefore, the metal’s
effective sheet resistance (rRSq) was measured along with the
surface profile for A1-A3 enclosures. As a point of reference
for further considerations, the following information is use-
ful. The bulk resistivity of copper equals ρCu = 1.68e-8 @
20◦C while of aluminum equals ρAl = 2.65e-8 @ 20◦C.
The resulting current skin depth at the center frequency of
the developed coupler for copper equals δCu = 1.58 µm @
1.7 GHz (0.29 µm @ 50 GHz) while for aluminum equals
δAl = 1.99 µm@ 1.7 GHz (0.37 µm@ 50 GHz). Therefore,
it is safe to assume tc = t for A1-A3 while tc = δ for C4.
In general, the skin depth value can be used to determine the
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minimum metal thickness (determined for lowest frequency
of operation) that ensures the effective resistivity of the layer
equates the material’s bulk one assuming a perfectly smooth
surface.

The effective sheet resistance was measured using Picotest
M3500A meter with four-terminal probe and the following
results were obtained: Rsq_A1 = 0.3805 �/sq, Rsq_A2 =
1.314�/sq, Rsq_A3 = 0.725�/sq. Following, the relative sur-
face profile was captured using the Taylor Hobson TalyStep
profilometer and the digitized analog print-out data is pro-
vided in Fig. 10. From the data, the LCD-masking matrix
arrangement can be clearly seen. A repeated pattern of hills
and valleys with spacing matching the 47 µm pixel size.
Moreover, for the A2 (L0A2) version, the resin unevenness
of exposure due to non-100% light passing surface area of
the pixel manifest through surface roughness of over 100 nm
peak-to-valley. On the other hand, when the lacquer primer
is used, as in A1 (L1A2), the surface roughness is reduced
to roughly 5 nm peak-to-valley. Similar results are obtained
for A3 (L2A1). Out of that, rearranging eq. 1, and under
the assumption of conductivity being equal to one of bulk
aluminum and neglecting the influence of surface roughness,
the metal thickness can be estimated out of the measured
effective sheet resistance to be in the range of 45-50 nm for
A1 and in the range of 22-25 nm for A3.

FIGURE 10. Measured relative surface profiles captured for the stylus
paths aligned to the pixel grid arrangement of the used LCD-SLA printer
for enclosure variants: A1, A2, and A3. The flat part of the top
sub-assembly of the enclosure was cut-out and characterized.

The above-presented results cast more light on the usability
of the proposed manufacturing approach and allow to draw
further conclusions and requirements:

- It is seen that the surface roughness is the major factor
for effective metal losses. This is especially important
considering the metal layer itself deposited using PVD
is rather thin compared to current skin depth.

- A high correlation between surface roughness pattern and
the construction of themasking LCD of the SLA printer is
observed. The peak-to-valley variation is the higher as the
higher is the shadowing effect of pixel edges compared to
the pixel center.

- Even one layer of lacquer primer, considering the
used SLA technology’ pre-processed surface roughness,
before themetallization process provides a great improve-
ment in the resulting metal resistance.

- For no-high-resolution demanding circuits, the SLA tech-
nology can be replaced with the FDM type what reduces
costs and materials used and are well suitable for PVD
metallization at the expense of using more coats of lac-
quer primer to smoothen the much rougher pre-process
surface.

- Alternatively, when instead of LCD-SLA the DLP-SLA
(Digital Light Processing) 3D printing technology is
used, where instead of a fixed matrix of pixels, a laser
scanning optics is used with continuous focused laser
beam path, the pre-processed surface roughness should be
reduced as little-to-no varied light intensity is observed,
and therefore, no lacquer primer is needed. This is at
the expense of higher costs of the DLP-SLA machines
compared to LCD-SLA.

- No metal adhesion issues were observed for all enclosure
variants.

- Even at mm-wave-length frequencies, the current skin
depth does not go below hundreds of nanometers. There-
fore, in the case of using PVD metallization, all the
conductor related loss is attributed to the thin metal layer
which is strongly impacted by the surface roughness. See
A2 vs. A1 where a 20-fold rougher surface increases the
effective sheet resistance by the factor of 3.45.

- There is a lower frequency limit of usability since the
aluminum layer thickness is much lower than the skin
depth down to which the current could flow resulting in
the conductor resistivity at an unacceptable level.

In general, the obtained experimental results are very satisfac-
tory and certify that the proposed low-cost hybrid manufac-
turing can be successfully applied for circuits and systems’
realization operating within the microwave frequency range.

IV. DISCUSSION
In this study, we investigated the approach for low-cost fab-
rication of microwave systems with lowered power losses
through a hybrid technology of laminates and additive man-
ufacturing on an example of one of the basic building
blocks – a coupled-line directional coupler. The exploited
manufacturing technologies are well known and very low
cost, starting from the industry-standard PCB manufactur-
ing, through the hobbyist-grade M-SLA technology, and
finally industry-standard PVD technology. The exemplary
directional coupler was developed along with three variants
of the enclosure with aluminum coating and the reference
copper-coated one. The measurement results have shown that
when the 3D printed enclosure surface roughness is small,
the power losses are lowered to an acceptable level, here being
only a 1.03-fold higher @ f0 than for a standard thick copper
ground plane.

Although only an exemplary coupled-line coupler was
presented, the fabrication approach is well suited for the
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realization of other passive microwave devices in suspended
microstrip/stripline technique such as filters, feeding net-
works, antennas, etc. as well as it enables convenient inte-
gration with the active building blocks such as amplifiers,
transceivers, etc. into larger sub-systems. The used combina-
tion of technologies for manufacturing not only enables the
realization of low-loss components but also low weight and
fabrication time accompanied by high design flexibility [26].
On top of that, a large area format available with multi-layer
printed circuit boards (PCBs) is available. Finally, solutions
such as integrated cooling of active parts [27] for efficiency
improvement due to the use of 3D printing, or patterned metal
layer when proper masking technique is used before PVD
coating are possible as well.

The obtained results show, that the proposed approach
allows for obtaining comparable total loss to the circuits
described in the literature (see Table 2) realized using PCB
and/or metal or printed enclosure.

TABLE 2. Features comparison of the proposed directional coupler with
other suspended coupled-line couplers.

The obtained results have proven, that the hybrid laminate -
AM technology is disruptive and enabling technology for the
realization of microwave devices, what is promising for the
next generation of communication systems, where there will
be a need for low-cost in high-volume production, lightweight

systems with increased power efficiency. Nevertheless, there
are still challenges for the use of this technique. At lower
frequencies, such as sub-GHz LTE bands, the metallization
thickness might be insufficient, however, the aluminum layer
is a very good base for copper plating, which can be per-
formed when lower total losses are of interest. Another chal-
lenge for the proposed approach is an issue with soldering
to aluminum, which is hardly possible. This problem can
be however solved by appropriate design of an assembly
build-up based on tight-fitting and pressure contact, as it was
shown in this paper or by plating a thin layer of copper.
Finally, metal adhesion when components are exposed to
mechanical stress or temperature variation needs to be evalu-
ated as metal cracking or peeling causes a failure when a part
is in use. If that would be a case, stresses could be reduced by
the proper mechanical design of the assembly while a high
heat resistant resin for 3D printing can be used to reduce the
temperature deformation.

V. CONCLUSION
The hybrid fabrication of electronics was studied that uti-
lizes both subtractive and additive manufacturing techniques.
It was shown that microwave components can be successfully
fabricated through a low-cost process when a specified step is
followed and given requirements are met to delivered close or
comparable performance to all-metal enclosure counterparts.
The approach was validated on an example of one of the
basic RF system building blocks – a coupled-line directional
coupler operating in S-band. A suspended stripline technique
was used as in such case the metal related losses are the main
power loss mechanism. The manufactured unit was studied
in terms of total power loss vs. 3D print surface treatment
and metal coating processing and compared with a reference
circuit. The approach was confirmed to be of practical use.
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