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Precision Manufacturing of Radio Frequency Microwave Iter structures using Ad-
ditive Manufacturing Technologies.

An investigation of the Additive Manufacturing techniques Metal Binder Jetting,
and Laser Powder Bed Fusion for manufacturing Radio Frequency Filters for Mi-
crowave Radio Links and Base stations.

NISHANT PATTANAIK

PRAJWAL SRINIVAS

Department of Industrial and Material Science

Chalmers University of Technology

Abstract

There is a growing demand for high-speed communication, to enable this high fre-
guency transmission links are utilized. These links employ microwave radio fre-
quency waveguide lters. Conventional manufacturing of the lIters face limitations

in producing multi-cavity structures with complex geometries. Additive manufactur-
ing processes o er design freedom, reduced material wastage and rapid prototyping,
making it an alternative to produce these lters.

This study investigates the feasibility to manufacture the waveguide lIters with the
frequencies E-Band (65 - 67 GHz) and D-Band (130 - 135 GHz) using two metal
Additive manufacturing processes, Binder Jetting Technology (BJT) and Powder
Bed Fusion - Laser Beam (PBF-LB). The Iters were manufactured using a Mark-
forged PX100— BJT printer by Bosch GmbH and an EOS M100 PBF-LB printer

at Chalmers University of Technology. The BJT lters were printed in two phases,
the rst was a trial phase to determine the surface roughness measurements that
were done on selected surfaces of the parts to determine a suitable orientation for
the nal print. In the second and nal phase, a total of 40 lters were printed, 20
for each band. For PBF-LB, 10 parts were printed 5 for each band. All 40 BJT
and 6 PBF-LB lters underwent electrical characterization using a Vector Network
Analyzer. Five BJT lIters of each frequency bands that reached near-target pass-
band frequency and low loss magnitude were selected for surface treatment with
electroless copper plating to improve performance.

Results showed that BJT-manufactured E-Band Iters achieved insertion losses
within the target range while maintaining the required passband frequency, whereas
a subset of D-Band BJT Iters met the desired speci cations. PBF-LB-manufactured
Iters resulted in higher losses and dimensional inaccuracies due to deviations in in-
ternal geometry. The loss magnitudes were reduced by copper plating by nearly half
for both E-Band and D-Band lIters. Overall, BJT demonstrated greater suitability

to manufacture high-frequency waveguide lters.
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1

Introduction

1.1 Background

Ericsson is a world leader in the rapidly changing environment of communications
technology. This research is conducted in cooperation with Ericsson in the depart-
ment of "Mechanical and Thermal Design" under the hardware unit and Chalmers
University of Technology.

With increasing demand for mobile data, communication networks such as 5G and
emerging 6G systems are driving the need for highly integrated, miniaturized, and
high-performance Radio frequency lters. The Ericsson Mini-Link 6000 series is
a microwave radio system, o ering high capacity, exibility, and cost-e ectiveness
for mobile transport networks [3]. A radio frequency Iter lets a specic band of
frequencies pass through and restricts others [4]. Waveguide lters are RF lters
capable of carrying signals at high frequencies with a low loss in microwave and
millimeter wave bandwidths [5]. This Iter is used in most high-frequency commu-
nications systems, including radar, satellite communications, and cellular networks.
[6][7]. This thesis would deal with waveguide RF lters of the E-band and D-band,
which would be of great interest to Ericsson. E-band operates at a range of 60-90
GHz, and D-Band operates at 110-170 GHz[8]. These bands are critical for Eric-
sson's network evolution plans. Ericsson predicts that by 2027, E-Band adoption
could reach 25% of new deployments [9]. E-band being already used in 5G commu-
nication and D-band could potentially be useful during future 6G implementation

[9].

Conventional manufacturing techniques face major limitations in producing com-
pact, multi-cavity lters with complex internal geometries at millimeter-wave fre-
quencies. The development of Additive Manufacturing (AM) technologies can sig-
ni cantly contribute to the advancement of high-frequency lIters in microwave ra-
dio devices. Given the design and dimensional freedom, reduced material wastage,
and faster prototyping, Ericsson is exploring the Additive manufacturing option for
manufacturing this new critical part. Since 2019, Ericsson has been involved in AM
research and hopes to one day move from batch production to mass production by
using AM, also adhering to sustainable practices. [10].
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1.2 Aim

The thesis aims to conduct a feasibility study, investigating which AM technologies
are suitable for the RF components with frequencies 65- 67 GHz and 130-134 GHz
to support the electrical requirements of high-frequency systems, and to evaluate
and analyze how post-treatment in uences the performance of the lIters.

1.3 Objectives

The focus of the project is to explore feasible AM technology that allows the man-
ufacturing of high-frequency waveguide RF lters. To evaluate AM surfaces and
dimensions that have lower insertion loss and achieve the desired frequency output.

The research questions (RQ) formulated from the aim of this thesis are:

RQ 1. Which AM technologies are most suitable for producing Radio Fre-
guency waveguide lter structures?

RQ 2. How do post-treatment impact the electrical performance of additively
manufactured RF lIter structures, and evaluate surface roughness of AM sur-
faces?

RQ 3. What design modi cations can be implemented to enhance the manu-
facturability and performance of RF Iters and how does dimensional accuracy
in uence the performance of the lters?

1.4 Limitations

N

Supplier restriction from Bosch that the use of copper for printing was not
feasible. Copper printing at Chalmers University of Technology using Lithog-
raphy based Metal Manufacturing (LMM) was also not possible.

Diamond saw cutting and milling were used to cut the components in di erent
cross-sections, leading to the smeared edges.

The design of the Iter was not optimized from an AM perspective rather from

a milling perspective. A single design was used in this thesis work due to the
complexity in the design and simulation of the lIters.

The ISO measurement techniques was not feasible as a result of the dimensions
of the D-band Iters being smaller than required dimensions, especially their
reduced cavity and waveguide sizes.

1.5 Delimitations

The study focuses on the design, production, and performance evaluation
of waveguide lters fabricated by AM methods, Binder Jetting Technology
(BJT), and Powder Bed Fusion - Laser Beam (PBF-LB). The scope is re-
stricted to E-band and D-band frequency ranges alone. Surface roughness
measurements for the E-band lters followed ISO standards. Surface plating
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is applied only to BJT components made from stainless steel. The research
analyzes waveguide Iter performance based on simulation and experimental
validation, but not by any other validation technique. The material choice is
limited to 316L stainless steel. Mechanical test, such as strength tests, was
not performed.

1.6 United Nations Sustainable Development Goals
(SDG)

This thesis work can potentially address two of the 17 SDGs as outlined by the UN
(United Nations Development Program).

SDG 9 Industry, Innovation, and Infrastructure

SDG 9 underscores the resilient infrastructure, emphasizes innovation, and promotes
sustainable industrialization. The study contributes to innovation in manufacturing
processes by exploring additive manufacturing to produce complex microwave RF
products. This work advances SDG 9 by driving innovation and industrial develop-
ment goals in a sustainable manner.

SDG 12 Responsible Consumption and Production

SDG 12 is centered around the e cient utilization of resources, waste reduction, and
the adoption of sustainable practices across the value chains. This project aligns
with the goal by utilizing AM processes to manufacture the RF Iters, which use less
material than the usual conventional methods. Components are built layer by layer
in AM processes; therefore, material is being used precisely, and unused powder can
be recycled for future builds. This is how the project advances SDG 12 through
sustainable manufacturing practices, and reducing environmental impact.
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Theory

2.1 Waveguide Filters

Waveguide lters are based on the fundamental principle of electromagnetic wave
transmission through a waveguide structure. A waveguide is a physical structure
that conveys electromagnetic waves between input and output ports, constructed
from a conductive material that contains the waves within its bounding edges [7].
A waveguide lter is used in most high-frequency communication systems, includ-
ing radar, satellite communications and cellular networks. The Iters permit some
frequencies to pass through and block others, thereby enhancing signal quality and
minimizing interference [9],[10].

In waveguide systems operating within the E-band, controlling surface roughness is
essential due to the heightened sensitivity of wave propagation to conductor losses.
As roughness increases, so does electrical resistance, leading to greater insertion
loss and diminished Iter e ciency and selectivity [11]. Waveguide components
manufactured using an additive manufacturing process have surface roughness values
ranging from 10um to 50 um. To mitigate the high surface roughness, several steps
have proven e ective with post-treatment techniques such as copper in ltration,
metal plating [12],[13],[14].

2.1.1 Filter parameters

The performance metrics considered for the Iters are insertion loss and return
loss, measured using Vector Network Analyzer equipment. The insertion loss is
the amount of reduction of signal strength when it passes through a lIter, and it

is measured in decibels(dB) [15]. The return loss is the amount of signal that is
re ected back to the source, measured in decibels (dB) [16]. The VNA displays
the scattering parameters S21 and S11, which correspond to the insertion loss and
return loss, respectively. In a two port VNA, the signal entering through port 1 and
emerging from port 2 is S21 and the signal entering through port 1 and emerging
from port 2 is S11 as shown in the gure below [17].
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Figure 2.1: S11 and S21.

Another parameter measured using VNA is the frequency Bandwidth. The band-
width depicts the range of the desired signal frequencies. For Ericsson, the speci -
cation of Iter parameters would be S11 <-15dB, and S21 being >-0.6dB (E-band)
>-1.0 dB (D-band) [18]. Considering the Iters manufactured from SS316L, the
acceptable S21 magnitude for E-band can be -3 dB, and for D-Band it can be -5
dB[[18]. Furthermore, the number of uctuations in the S11 curve can correspond
to the same number of resonant structures like ns(or irises) within the Iter. This
can suggest the geometrical accuracy of the manufacturing process [19].
Waveguide Iters cover various frequency bands, classi ed based on the frequencies
they permit to pass through and exit [4]. E-band and D-band waveguide lters are
higher frequency lters, with the E-band Iters having a range of 60 GHz to 90
GHz and D-band lIters having a range of 110 GHz to 170 GHz. The lters in the
E-band have low insertion loss and narrow bandwidth, while the D-band Iters have
enhanced design features that help enhance their performance and broaden their
bandwidth capacity to be used in future communication technologies such as 6G.
The drawbacks of waveguides are that they need precise design and fabrication, as
particular dimensions of waveguides are suitable for various frequency ranges [20].

2.2 Additive Manufacturing Techniques

Based on the ASTM de nition of AM, it is the process of layer-to-layer joining of
material to make components from a 3D model [21]. According to ISO standards
[22] AM can be categorized into several processes as described below.
Binder Jetting Technology (BJT) It is the selective deposition of a
liquid binder onto a powder bed to join the powder particles layer by layer.
" Powder Bed Fusion (PBF) In this process, a high-energy source, either
a laser beam or an electron beam, is used to selectively fuse regions within a
layer of powder.
Vat Polymerization (VPP) In this AM process, a liquid photopolymer
resin contained within a vat is cured selectively using UV. The UV is projected
onto a select region to solidify the liquid into the desired shape.
Material Jetting Technology (MJT) MJT operates by selectively dis-
pensing droplets of build material onto a build platform. This is then cured
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using UV or cooled to solidify them into a desired shape.

Directed Energy Deposition (DED) In this AM technique, a high-energy

source like a laser beam, electron beam, or plasma arc is used to melt material

as it is being deposited.

" Material Extrusion (MEX) In this process, material in pellet or lament
form is melted and pushed through a nozzle to trace the cross section of each
layer. The material solidi es after deposition, gradually building the object.

" Sheet Lamination (SHL) In this method, sheets of material are stacked
or bonded to create a part. The production speed is hard to achieve thereby
increasing the complexity.

2.3 Process Selection

Among the seven AM technologies discussed in the theory section, those suitable for
metal AM and capable of producing components with internal cavities were selected.

Table 2.1: AM Processes Geometry and Accuracy Comparison (with references).

Criteria LMM PBF-LB BJT MJT

Surface Roughness 2 4 um!%! 1015 pmt?4 | 812 umf? | <2 pml?1
(Ra)
Dimensional Accu- | +100pum(2®! | + 200 umi24 | £ 150 pm[?Y | + 50 pm[?1]
racy
Feature Resolution | 50 100 <100 pmi? | <150 umP | <25 pmt21
ES

Based on literature, the LMM seemed viable process for copper printing[25]; how-
ever, due to the unavailability of furnaces, the process was not investigated further.
MJT was also explored, given its better accuracy than BJT, and multi-material
printing capability. But due to funding constraints, this technology was dropped.
Therefore, out of the four possible processes, two AM processes were considered,
PBF-LB and BJT. In the case of PBF-LB, the focus was on the process capabilities
and whether the parts can be printed.

Direct Energy Deposition (DED), Sheet Lamination (SHL), and Material Extrusion
(MEX) are not feasible for this project due to the various parameters required for

a waveguide lter. DED-manufactured parts result in poor mechanical properties
[26] and a ect layer height, leading to poor geometrical accuracy, as dimensional
accuracy is signi cant for waveguide Iters to perform better. The DED part's
surface roughness is poor, and post-processing is required to meet the surface nish
and tolerances. [27] SHL may not be suitable for complex geometries and not meet
the material properties requirements for waveguide lters [28] MEX restricts the
ability to achieve intricate ne geometries because the tool head limits layer-by-layer
deposition, hindering the precise alignment and deposition required. The surface
nish of the MEX-produced part is rough and may require additional post-processing
to meet the required surface quality [29].
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2.3.1 Binder Jetting Technology (BJT)

This process involves powder deposition and spreading, selective deposition of binder,
depowdering, and densi cation through sintering. The general steps of the BJT pro-
cess detail the deposition and attening of a layer of powder onto the build platform.
This is followed by the selective deposition of a binder through the printhead. The
steps are continually repeated until the part is nished, with each additional layer
causing the build platform to descend. The binder bonds with the ne metal powder
particles to form "green body" that has the shape of the nal component but not the
size and the properties. The fragile green body is carefully removed from the powder
bed and is sintered to reach the near-full density to provide the required properties
to the component. The component will shrink during sintering (upto 20 percent)
therefore the component has to be up-scaled to account for shrinkage during the
design phase. The part is debinded in the densi cation process[30]. 2.2 represents
the process schematics of BJT.

Figure 2.2: BJT Printing process overview.

Advantages include high build rates and low thermal stress due to the absence of
high-energy beams in printing. The limitations of BJT include sintering shrinkage,
binder residue, and achieving high density in the nal part [30]. Single-alloy metals
employed for BJT include stainless steels (17-4PH, 304L, 316L), M2 Tool Steel, and
alloy 718. The most suitable materials for Iters are high electrical conductivity
materials like copper. In BJT, complex geometries and intricate shapes can be
created with thin walls without requiring support structures. Support structures
aren't usually required since the powder in the build chamber acts as support in
the printing phase [21]. There is also no involvement of a powerful heat source
in BJT, unlike other AM processes, due to the nal components do not exhibit

8
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thermally induced stresses and distortions [31]. The orientation of features might
impact the roughness of surfaces. For instance, features with varying orientations
(0, 22.5, and 45 degrees) relative to the Z-axis exhibited surface quality distinction
and density [32]. Components printed using BJT often require costly and time-
consuming post-processing to get the nal product. Upon completion of the printing
process, the components have to undergo debinding and then be sintered to get
full densi cation and the required mechanical properties. Sintering can lead to
shrinkages and distortions [21]. A typical BJT surface would have a rough texture
compared to conventional processes [33],[31]. The surface roughness Ra values range
from 4 uym to 10 pm, varying with process parameters as reported in [32], whereas
Sa values range from 3im to 13 um [33].

2.3.2 Powder Bed Fusion Laser Beam (PBF-LB)

PBF-LB is a metal additive manufacturing process in which thin layers of metal
powder are spread over a build platform and a high-powered laser selectively fuses
these particles according to the geometry of the CAD model [30]. The platform
then lowers, a new layer of powder is applied, and the cycle repeats until the whole
part is completed. PBF-LB/M uses a high-energy laser source to melt the metal
powders completely [1]. A protective inert gas atmosphere prevents oxidation and
minimizes contamination. Most of the PBF-LB uses radiative and resistive heaters
to heat the powder bed [30]. This layer-by-layer approach facilitates the production
of complex geometries with ne details and internal features, o ering advantages in
weight reduction and design freedom [30]. Weldable metals are suitable materials
for use in PBF-LB, such as stainless steel [21]. This technology is capable of manu-
facturing lightweight complex internal structures. Multiple parts can be printed in

a single build.

Surface of PBF-LB is characterized by a coarse texture, requiring post-processing
for smoother results [21]. The surface roughness can be impacted by several param-
eters such as build orientations, process parameters, powder characteristics, among
others [12],[34],[35]. The parts oriented at 60 and 90 degrees have the lowest surface
roughness. In contrast, the parts oriented above 90 have the highest surface rough-
ness [34],[36]. The surface roughness of PBF-LB components generally ranges from
ten to fty microns [37].
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Figure 2.3: PBF-LB process schematics [1].

2.3.3 Lithography based Metal Manufacturing (LMM),

Lithography-based Metal Manufacturing (LMM) is manufacturing by creating a
CAD model tailored to the desired geometric and functional speci cations [38]. The
model is optimized for the LMM process, including part orientation, allowing opti-
mal print quality and production e ciency. In printing, the photoreactive binder in

the metal feedstock is selectively cured by a light source, layer by layer, embedding
the metal powder and building the desired three-dimensional structure. This pro-
duces a green part. The green part undergoes a debinding process conducted ther-
mally or chemically in a special furnace to remove the polymer binder and form a
porous brown part made only of metal powder. The brown part is high-temperature
sintered, a process in which the metal particles fuse to form a dense, solid body with
the desired mechanical properties [38]. The surface roughness of LMM components
would range between Zum to 4 um in the as-sintered state [23].

2.3.4 Material Jetting Technology (MJT)

Material Jetting (MJT) is another advwanced AM technique, de ned by the de-
position of build and support materials in the form of controlled droplets onto a
build platform. These droplets, dispensed via nozzles, are subsequently solidi ed,
often using UV light in the case of polymers. MJT includes both continuous and
discontinuous (drop-on-demand) jetting methods. While polymer jetting is well es-
tablished, metal jetting is an emerging eld involving molten metal droplets. The
technique is known for its precision and ability to build complex structures with
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smooth surface nishes, high speed, and multiple materials [39]. The capability of
MJT to incorporate multi-material printing within a single build volume represents

a promising direction for future device fabrication rather than mere part production
[39].

2.4 Design for AM (DfAM)

When designing a product that is to be manufactured using additive manufacturing,
a concept known as Design for AM comes into play, which can enable designers to
think outside the box of the traditional manufacturing perspective [40]. AM has
bene ts from materials, uniqgue geometry to customization. AM has the potential
to fabricate virtually any shape, and it can fabricate fully operational assemblies in
a single build [21]. DfAM can enable designers to think of designing products by fo-
cusing on AM-speci ¢ challenges such as overhangs, stair-stepping e ect, anisotropy,
and the need for reduction of support structures [40]. Given AM's design freedom,
ability to fabricate complex geometries, it can enable monolithic design [12]. This
can be valuable to Ericsson in designing RF components incorporating di erent
functionalities such as electromagnetic, mechanical, and thermal.

2.5 Post-treatment - Electroless Copper Plating
(ECP)

The electroless copper plating method is based on a chemical reaction between a
reducing agent and a copper salt in an aqueous solution [2]. This reaction reduces
copper ions to copper atoms. This reaction should be continuous for the resulting
copper Im to be thick enough to adequately cover the substrate. This process is
extensively utilized in the printed circuit board manufacturing industry to transform
non-conductive substrates into conductive material for subsequent electroplating and
to enable the plating of holes [2].

Electroless copper plating uses a solution that is primarily composed of cupric sulfate
as the copper ion source and EDTA as a complexing agent, where glyoxylic acid
is used as the reducing agent. Plating is carried out at 46 or 60°C based on
composition, with aeration to both optimize stability and minimize decomposition
[2].

Surface preparation consists of degreasing in 5% NaOH, followed by micro-etching
5% to promote adhesion. Neutralization with NaOH precedes substrate conditioning
with a 5% HCI soak and catalyzing with a palladium-tin colloidal solution. Catalytic
particles required for plating reaction initiation are left behind and is rinsed with
deionized water between operations to remove residual chemicals [2].

The catalyzed substrate is submerged in the hot plating bath. After the depositing
process, a soak in 5% sulfuric acid is done to leave an anti-tarnish protection, which
then follows rinsing and drying [2].

11
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Figure 2.4: Apparatus for Electroless Plating [2].

2.6 Surface roughness

Surface roughness, in general, portrays the presence of geometrical irregularities
on the surface. It is a component of a much broader concept of surface texture,
which entails the repetitive and random deviations from nominal surface topography.
Surface roughness can be characterized by di erent parameters, such as amplitude
parameters like Ra/Sa(arithmetic average) and Rqg/Sq(root mean square), which
guantify the height variations.

121 122
Ra= — jz(x)jdx; Sa= A jz(x;y)] dx dy
0 A
b, &4,
Rg= —  Zz3(x)dx; Sq=  — z2(x;y) dxdy
L o A a

Other amplitude parameters include skewness(Ssk/Rsk), kurtosis(Sku/Rku), and
peak-to-valley height(Sz/Rz).

Rsk = 1 EZ ] z3(x) dx; Ssk = 1 EZZ 23(x;y) dxd
" Rg® L o ’ “s¢ At d
1 1%L 1 1%
RKku = RE L o Z4(x) dx; Sku = St A Az4(x;y) dx dy
1%
Rz = 5 (Zp;i Zv;); SZ= Zmax  Zmin
=1
X0
Rsm= - §
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Surface roughness can be measured in two di erent methods, pro le(2D) and areal(3D)
methods. In the pro le surface roughness method, the surface is characterized along
a single line or a prole. Whereas areal(3D) surface roughness provides a 3D de-
scription of the surface. The arithmetic mean deviation (Ra) gives a baseline view
of surface roughness. Rsm provides a measure of the average spacing of surface fea-
tures. Rz is the peak-to-valley height useful in accessing the average height between
the highest peaks and the lowest valley in a surface prole. In the case of Sa, the
average areal height is similar to that of Ra but is measured over a surface patch.
Sq, root mean square height gives a comprehensive, three-dimensional characteris-
tic of the AM surface. Sz peak-to-valley roughness is analogous to that of Rz but
measured over an area [41].

2.6.1 Surface Roughness in AM

AM surfaces, compared to conventional manufactured surfaces, have higher surface
roughness [42]. The average surface roughness (Ra) of fr@5s exhibited from

the PBF-LB and BJT surfaces. Depending on the print orientation and the pres-
ence of adhering powder particles, PBF-LB surfaces have a high surface roughness
of Sa 5-2fim [36]. AM surface is characterized by irregularity in the surface, and
sharp protrusions. Some other contributing factors to the appearance and roughness
include adhering powder particles, spatter formation, loose or partially melted par-
ticles, and Il patterns [41]. AM being a layered manufacturing process, a common
issue of stair-step arises on slanted or curved surfaces [41]. In case of BJT, sinter can
reduce the roughness; however, the texture remains more than conventionally man-
ufactured surfaces [33]. In Powder Bed Fusion (PBF) processes, downskin surfaces
often have a signi cant amount of partially melted or non-melted powder particles
attached, while upskin surfaces are typically free of powder [35]. Downskin sur-
faces tend to be composed of mostly valleys, or a combination of peaks and valleys,
whereas upskin surfaces are predominantly peaks [35].

2.6.2 Surface Roughness Measuring Techniques

International Standards provide well-established regulations to ensure consistency
in surface roughness assessment. The ISO 4287 standardizes the system of 2D
roughness parameters, and the 1SO 25178 [43] [44] standardizes 3D areal texture
analysis. Most recently, ISO 21920 [45] [46] [47] updated the notation of surface
nish speci cations for application in technical documentation, which has improved
clarity in design and manufacturing. Surface roughness can be measured by contact
and non-contact methods, both of which have their advantages. Non-contact tech-
niques like optical interferometry and laser scanning confocal microscopy provide
high-resolution 3D surface imaging without touching the surface. These techniques
are advantageous for microscale features as they do not carry the risk of surface
deformation [48]. However, one of the limitations of using an optical microscope is
that shading e ects a ect data capture of the curved surfaces [42]. In this thesis
project, a laser confocal microscope is used for measuring both prole and areal
surface roughness. According to ISO standards, selecting a cuto length of 2.5 mm
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is ideal for measuring the pro le surface roughness [49].

14



3

Methods

The RF waveguide Iter was designed by Klas Eriksson at Ericsson AB. The design
had been made not from an AM perspective but from a milling point of view as
a result the Iter contains sharp edges and turns. Initially, a 90-degree bend was
added to the internal channel at each end.

Figure 3.1: Waveguide Iter design.

Stainless steel 316L was used to manufacture the components for printing in both
technologies BJT and PBF-LB due to the unavailability of copper.
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3.1 lteration of printing and evaluation

The waveguide Iters are designed for D-Band and E-band frequencies. Specic
D-Band frequency range for the lter is 65 GHz to 67 GHz, for E-Band, it is 130
GHz to 134 GHz.

Figure 3.2: Filter Dimensions.

Figure 3.3: Filter ns and cavity Dimen-
sions.

Table 3.1: Dimensions of Filters in mm

Filter l 'blh| x | vy S w
E 32/ 6|8|16|32|0.40| 2.840
D 16|/ 3|4|/08|1.6|0.20| 1.410

3.1.1 Printing with PBF-LB process

The powder patrticle size distribution in PBF-LB is 20pm to 65 um. Parts printed

using PBF-LB were produced at Chalmers with an EOS M100 machine. Part orien-
tation and build preparation were performed in Materialize Magics software. Each
part was indexed for better traceability. For instance, ELBSLM refers to an E-Band

16



3. Methods

Iter built at plate position 1 by SLM (PBF-LB). Parts oriented between 60-75 de-
grees yielded better surface roughness than parts oriented in 30 - 45 degrees, and
>90 degrees [34]. The parts were oriented at a 60-degree angle. Orienting the part
below a 60-degree angle led to the formation of support structures within the in-
ternal ns, which would have been very di cult to remove as the ns are the most
essential parts of the component. All these simulations were conducted in the build
preparation software of EOS M100 machine as shown in the gure 3.1.

Figure 3.4: PBF-LB Orientation in Materialise Magics.

The design parameters considered were :
Support structure height: 2 - 3 mm of support height was added to ensure
su cient height for the cutting operation.
Machining: The completed parts were cut from the build plate with a band
saw, and support structures were milled.

The processing parameters were as follows:
Layer thickness: 20um
For machine parameters, the scan speed and gas ow, standard EOS parame-
ters were followed.
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Figure 3.5: PBF-LB Printed parts with supports.

The manufacturing was conducted at CTH under the supervision of the Academic
supervisor Erika Tuneskog.

3.1.2 Printing with BJT process

A total of 40 components were manufactured by Bosch GmbH with BJT. The manu-
facturing took place in two phases. The rst was a trial run where the objective was
to evaluate process capability and also perform surface roughness measurements.
Components were printed in three di erent orientations X, Y and Z straight in the
axis direction as shown in 3.6. The parts oriented at an angle to the axis direction
results in a worse surface nish, as shown in 3.7. Di erent surfaces were evaluated,
the outer surface with engraving, one opposite to the engraved side, and two more
in assumed internal surfaces, as shown in 3.8. It is unclear which surface in the
internal channel has more in uence on the functionality of the components. Due to
this, Bosch assumed one cross-section of the part and measured the surface rough-
ness. In the X-oriented part, all four measurements were conducted. However, in
parts oriented Y and Z, the product critical area (internal structures with ns) was
chosen for the surface roughness measurement. Considering the product critical area
measurements for all orientations X, Y, and Z, it was observed that Y-oriented parts
gave better surface roughness measurements as shown in 3.2.

The results from the rst trial of measurements for surface roughness are as follows
in the table 3.2.

It was also observed that there were leftover powder particles in the channel which
were not been able to be removed after depowdering. To view this, the components
were sanded down as shown in 3.9 . Additionally, more e ort had to be given during
the depowdering procedure for the next print job to ensure su cient powder removal
within the channel.

Upon completion of this trial run, the nal printing job was performed. A total of
40 components were printed. 20 of which were E Band waveguide lters, and the
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Figure 3.6: Orientations for BJT.

Figure 3.7: Axis direction of BJT components.
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