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This study mainly investigated the manufacturing planning and material selection process of
the circular waveguide slotting line. Meanwhile, based on the DFMA principle, the
manufacturing accuracy and assembly efficiency in the equipment manufacturing and
assembly stages were improved. These two factors are important indicators for testing
whether the manufacturing planning and material selection meet the standards. Triangulation
methods, including literature reviews, expert meetings, and modeling simulations, are used
to ensure the reliability of information, material selection conclusions, and manufacturing
plans. High-precision processing methods and component design principles based on the
DFMA principle can ensure the coupling degree of parts, reduce the loss of electromagnetic
wave transmission, and significantly improve the working accuracy of equipment in
measurement work.



ACKNOWLEDGEMENTS

First of all, I would like to thank my parents who have been quietly supporting my study.

Then | would like to express my sincere gratitude to my supervisor, Professor Tapio
Saarelainen, whose constant encouragement and professional guidance have played an

important role in my entire research process.

I would also like to express my sincere thanks to Professor Harri Eskelinen, whose valuable
suggestions and constructive comments have greatly improved the quality of this research.
His profound knowledge and analytical perspective provided me with a lot of professional

knowledge as a reference.

In addition, I would like to thank Hebei University of Technology and Lappeenranta - Lahti
University of Technology for providing a good learning environment and excellent teachers

who helped me overcome difficulties during the undergraduate period.



SYMBOLS AND ABBREVIATIONS

Greek characters

o conductivity S/m

u permeability H/m
pum micrometer 10-6 m
A thermal conductivity W/mK
Q electrical resistivity nQm

Abbreviations

CAM — Computer Aided Manufacturing

CNC — Computer Numerical Control

DFA — Design for Assembly

DFM — Design for Manufacturability

DFMA — Design for Manufacturability and Assembly
EDM - Electric Discharge Machining

FDM — Fused Deposition Modelling

IEEE — Institute of Electrical and Electronics Engineers
IT6 — International Tolerance Grade 6

Ka-band — Microwave frequency range

MW — Microwave

RF — Radio Frequency

RMS — Root Mean Square



SLA — Stereolithography

SLM - Selective Laser Melting
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1 Introduction

Based on the goal of measuring complex impedance matching, there is a device that can
achieve this operation. What needs to be studied is the material selection of the Ka-band
circular waveguide slot line on it and the formulation of a manufacturing plan based on

Design for Assembly (DFA) and Design for Manufacturability (DFM) principles.

1.1 Goal of the research

The purpose of this research is to compare and select materials that balance the two
properties of manufacturability and electrical conductivity, in order to improve the
coupling degree of the components after processing and reduce the propagation loss
existing in the Ka-band propagation during measurement. By simplifying the design and
selecting specific processes that meet high-precision requirements, the Design for
Manufacturability and Assembly (DFMA) principle is fulfilled to enhance assembly
efficiency and manufacturability. Between considering cost and design performance, the
small-scale production and small size characteristics of the equipment itself give priority to

ensuring the latter.

1.2 Background and motivation

The subject of this research is a research project of LUT University in 2024, which focuses
on DFMA analysis of various Microwave (MW) and Radio Frequency (RF) components.
The results of this research will contribute to the sustainability of related components and

the overall improvement of DFMA in the future.

In today's technological advancement, it is crucial to be able to accurately measure the
complex impedance matching of components, both from the perspective of improving
power transmission efficiency and accurately designing matching networks. In addition,
wide-band millimetre-wave systems that match this article, especially for satellite
communications, measuring complex impedance is of great help in designing wide-band

matching circuits.



The research background of this research is based on the importance of the above-
mentioned measurement equipment. A detailed manufacturing plan and appropriate
material selection are required for the above-mentioned measurement equipment to ensure
the stability and accuracy of the equipment during measurement, and to accurately measure
the complex impedance matching of millimetre-wave components during measurement.
Combined with the manufacturing-based design method, the successful implementation of

this project can achieve the ideal situation required by the final manufacturer.

This device is mainly used to measure the accessory impedance matching of Ka-band,
specifically, the special tuned screw mechanism measures the sample wave through the
circular waveguide slotted line deep into the circular waveguide, and then introduces it into
the rectangular waveguide for further processing. The specific structure is shown in Figure
1:

Figure 1. Front view of a circular waveguide slotted line device.

1.3 Research problem and research questions

The research question include:

Under the premise of ensuring that the surface roughness is less than 1.6 micrometre, what
kind of manufacturing process can meet the transmission loss requirements of Ka-band

circular waveguides.
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How to balance the selection of materials for Ka-band circular waveguides between

manufacturability and electrical performance?

What influence do different inner wall metal coatings have on the electrical performance of

brass-based Ka-band waveguides?

How does the application of the DFMA principle to equipment components affect

assembly efficiency and manufacturability?

At present, the main research problem mainly including: First, the necessary DFMA
guidelines for different manufacturing technologies, system material selection guidelines,
etc., based on the background knowledge of references. Secondly, the SolidWorks models
and technical drawings of mechanical parts and the use of SolidWorks DFM modules are
also basic information issues that the author needs to solve now. Third, the materials used
in the manufacturing process. Finally, the step-by-step manufacturing plan of the

equipment, including how to use tolerances correctly.

Influencing factors outside the above basic information include the correct geometry of the
slot gap, the special position of different waveguides, the linear motion path of the probe
relationship along the slot. It will affect the DFMA design process of the entire mechanism

and become a special matter that needs to be paid attention to in the manufacturing plan.

Due to the challenges and difficulties, there are difficulties to be overcome in the process
of conclusion of these results, such as the accurate measurement of the Ka-band in the
circular waveguide, which involves the degree of coupling of the two mirror parts, and the
need to ensure that the movement of the sled structure on the slide is horizontal, which
means that the manufacturing process needs to consider the error of the form and position

tolerance within a certain range.

For the innovation points that can be realized in this article, the author believes that it is
mainly to consider the optional manufacturing technology, especially the possibility of

applying additive manufacturing technology.
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1.4 Research methods

There are three main research methods in this research, including literature review, expert
meeting and software simulation. The sources of literature review are divided into
scientific sources and other sources. The main objects of scientific sources are various
journals and databases. Other sources are non-scientific and only provide various
regulations such as tolerances, standard industry regulations, and commercial standard

parts.

The information obtained from the expert meeting is mainly in the form of answers to
questions and, where additional background knowledge is needed, will be presented in a
statement. Finally, simulation software, mainly SolidWorks, SolidWorks DFMXpress,

Computer Aided Manufacturing (CAM) module simulation software.

1.5 Expected contribution

The expected results of this study include:

A description of the necessary background information based on the literature, such as
relevant design and manufacturing process guidelines for different manufacturing

technologies or systematic material selection guidelines.

Use SolidWorks software to model the equipment, including the models of different parts,

and draw engineering drawings for each part of the detailed description.

Use background information to make rational and systematic material selection. Then,
DFMXpress in SolidWorks was used for manufacturability analysis. Finally, the
distribution manufacturing plan of the whole equipment is described, including the use

policy with reasonable tolerances for different parts.
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The general guidelines for the method are described below: The triangulation methodology.

The triangulation method used to support this article is shown in Figure 2.

Literature
review

Triangulation |
method

8]
& = >
SolidWorks  simulation and emulation, Answer the particularity Expert
modeli ng verification of answers of the equipment design interview

Figure 2. The triangulation methodology.

In the research methodology, we used triangulation to ensure the accuracy and reliability of

the research. The research process began with a literature review, which established the

research background and theoretical basis by reviewing the literature in related fields.

Subsequently, we conducted expert interviews to obtain the opinions and insights of experts

in the professional field. To verify and deepen these insights, we designed laboratory

experiments: modelling and the use of analysis software.

The information obtained by three different methods can be repeatedly verified for the same

viewpoint through comparison and combination. For example, for the DFMA rules

optimized using the DFMXpress module, the correctness can be verified by using the

information about DFMA in the literature review section to ensure the reliability of the
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optimized equipment design. The model after the optimized design must be enhanced in
terms of visibility through 3d modeling.

2.1 Literature review

Literature review is combined with expert interviews to obtain reliable and scientific
information. In this research, the literature comes in a variety of forms, most of which come
from reputable journals with strong reliability. The articles in these journals not only provide
a theoretical and powerful basis for the basic background knowledge of this research, but
also the possibility of applying the emerging technologies mentioned in the literature review
to this device is worth exploring in the research chapter of this research. Scientific literature
is also an indispensable criterion for evaluating options for material selection. Finally, the
expert interview is conducted to deepen the understanding of the equipment and achieve

detailed and reliable answers to the research questions of the article.

The literature review analysis tool provides references and bases for the author's expected
implementation plan from different perspectives and viewpoints for analysing the literature
on various research questions. The specific literature review and analysis tools can be found

in Appendix 3.

To make it more visual, the following flowchart describes the specific actions taken in
collecting different information from various sources, summarizes the collection of
information in different aspects in a general way, and indicates the sources of most of the

literature at the same time, ensuring the reliability of the literature review work.

The Figure 3 below illustrates various specific implementation paths for literature review.
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Figure 3. Different paths to gather the information.

2.1.1 Literature research and review for basic design principle of the device

First, I will briefly introduce a few general concepts related to this device before proceeding
to the relevant literature review. A waveguide is a hollow tubular structure used to transmit
electromagnetic waves. Except for special purposes, waveguide cross sections are often
designed to be circular or rectangular. The main function of a waveguide is to guide

electromagnetic waves from one point to another. In this device, the sample wave is
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transferred from the circular waveguide to the rectangular waveguide through the probe
along the slot for further processing, so both waveguides will be covered in this research.
Why slot a circular waveguide? This relates to the background supplement given in the
expert talks, the function of this device is for measurement, such as the complex (vector
quantity) impedance matching of millimetre wave components, and due to the lack of
commercial products for circular waveguide slotted line in the current market, most of them
are rectangular waveguide slotted line products, so the engineer designed this circular

waveguide with slotted line. To meet the needs of research work or fill the market demand.

In order to more closely consider the material selection and processing method of the
equipment, we have to start with the special properties of the material in order to study how
to rationally arrange the material. After determining the material, it is also necessary to
determine the appropriate surface roughness and tolerance to meet the functional
requirements of the transmission Ka-band while reducing the electromagnetic wave loss
during the transmission process, and the high precision of the component surface means that
more special machining methods are required. Select the processing method suitable for the
equipment, and then determine the manufacturing plan of the entire equipment. These are

the main purposes of the literature review.

The slot design of the device is very reasonable and meets the purpose of field strength
measurement. In the transverse electrical mode, the electric field has no longitudinal
component and is completely located in the transverse plane, which means that for the
transverse electrical mode, the electric field is indeed perpendicular to the cross section of
the waveguide. (Salem, M. A. & Niver, E., 2011) When the axial groove is in the same
direction as the electric field, the tuning mechanism probing through the groove can easily
detect the maximum value of the electric field. It is beneficial to the precise measurement of
field strength in circular waveguide. The electric field strength on the wall of the circular
waveguide is zero, and the position of the slot avoids the area with the largest electric field,
which reduces the interference to the main mode. (Matheson, K. et al., 2011) Finally, the
axial design of the slot is convenient for machining coupling with the two parts of block
body, and does not weaken the structural strength of the waveguide compared with the

circumferential slot.

The unique design of the device, the conical groove in the x-y and x-z longitudinal planes is

quite unique. It plays an important role in the process of determining the field strength in the
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waveguide. For example, the obvious advantage of the conical structure is the gradual
change of the slot width, allowing the measurement probe to be inserted at different depths,
which can be flexible. The electrical field distribution in different regions of the circular

waveguide is measured by raising the height of the tuned probe

2.1.2 Literature search and review for manufacturing

After considering the basic design idea of the slotted line of the device, we can appropriately
refer to some relevant literature to explore what kind of materials can be used to manufacture
waveguide components in the MW field. The basic principle is to ensure the efficiency of
Ka-band transmission at the same time, the material needs to have high processability and
corrosion resistance and other properties.

Considering the DFMA labels of the research, we will put processability in the first place
when selecting a material. In this way, we have to consider the selection of processing

methods.

The effect that can be achieved by the processing method is the first thing that deserves
attention. Specifically, surface roughness is a more important point, after reviewing the
literature, the author found that several common different processing methods, such as
Selective Laser Melting (SLM), Stereolithography (SLA), Computer Numerical Control
(CNC) in addition to some well-known advantages, in the ability to achieve the Ka-band
circular waveguide should have different performance. The above three processing methods
are divided into two categories, CNC manufacturing technology is more mature, and the
manufacturing process is relatively controllable, can achieve micron level accuracy
requirements, and even nano CNC processing technology has been able to achieve tens of
nanometers of surface roughness, to achieve sub-micron level tolerances and nano-level
surface roughness. (Gamzina, D. et al., 2016) However, it is necessary to ensure that the
CNC is less affected by the tolerance of the tool path in the computer-aided manufacturing

system, otherwise it will affect the accuracy of CNC machining. (Takanashi, Y., 2021)

The tolerance level of the equipment is required to achieve International Tolerance Grade 6
(IT6). In general, the use of additive manufacturing technologies such as SLM usually

requires post-processing to improve surface quality and shape accuracy, otherwise due to the
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high cooling rate characteristics inherent in such technologies and the production mode of
layer by layer processing, it is very likely that the required surface finish and dimensional
accuracy will not be achieved. (Jin, X., 2021) On the other hand, although the surface
roughness of the inner surface of the waveguide structure manufactured by the mature CNC
technology will increase, the relevant literature studies have found that the attenuation of
Ka-band transmission caused by the single-piece SLM printed waveguide is actually similar
to or even better than the CNC machined waveguide.(Hollenbeck, M. et al., 2017) If the
equipment is a single-piece structure, the SLM component that meets the surface quality and
shape accuracy after post-processing may not be worse than the workpiece performance after

CNC processing in millimetre wave transmission performance.

If the two additive manufacturing technologies are compared, according to the report the
author has checked, the scenarios in which SLM and SLA technologies are applied are very
different. As shown in Table 1, SLA maintains good manufacturing accuracy in a larger
frequency range, while SLM technology is more suitable for electromagnetic waves with
smaller frequencies. At the same time, the manufacturing accuracy is not as good as the
workpiece made by SLA technology. (Mauro Lumia et al, 2022)

Table 1. Accuracy and exploited frequency range of the three AM processes

Technology Accurancy Main frequency range
(um) (GHz)

SLM <100 10-50

SLA <50 10-90

FDM 100-200 2-20

But the advantage of SLM is that this process allows the manufacture of all metal parts, so
the material choice is more, the author can choose a stronger conductivity of the material,
such as silver or other metal materials. The conductivity will affect the Ka-band transmission
efficiency in circular waveguide to some extent, specifically, it will affect the attenuation

efficiency during Ka-band transmission.

Since Fused Deposition Modelling (FDM) in the table is mainly applicable to low-frequency

electromagnetic waves, it is not applicable to Ka-band, so it is not considered.
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SLA technology restricts the free choice of materials to a certain extent, and in addition, the
inner surface of the waveguide needs to be electroplated with metal coating under this
technology. Considering the stability of its use, this point is that SLA is not as widely

applicable in the manufacture of waveguide components as SLM technology.

2.1.3 Literature search and review for material selection

The selection of materials that is meticulous and in line with a reasonable process should be
systematic. Therefore, before choosing the appropriate materials, we should follow the
following process to select the suitable materials. The systematic material selection process
Is shown in Figure 4: (Eskelinen H. & Karsikas S., 2013)

ELABORATION OF THE
REQUIREMENTS
PROFILE

DECISION ABOUT
THESELECTION
STRATEGY

k.

PRE-SELECTION
QOFPOSSIBLE
MATERIALS

ELABORATION OF THE
MATERIALS PROPERT
PROFILE

INTEGRATION OF
THEREQUIREMENT AND)
THEPROPERTY
PROFILES

Figure 4. Process of the systematic material selection.

In fact, the most commonly used metal materials in the MW field are generally copper,
copper alloys, phosphorus bronze, brass, stainless steel, aluminium and aluminium alloys,

gold, and silver. It must be said that not only the above few can choose, there are hundreds
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of alloys can be selected, but must consider whether the material can meet the performance
of the product to make the final choice. (Eskelinen H. & Eskelinen P., 2003)

In the case of this chapter of the study, a certain amount of literature was forced to consult
and it was found that in the case of metals, the materials used could be identified in certain
materials. It is worth considering, for example, materials with a relatively high dielectric
constant, a higher dielectric constant is conducive to reducing the size of the MW element,
and the device will be smaller in this case, to facilitate measurement or other work.
(Nicolaescu, 1., 2007)

The first material to be excluded is a material with ferromagnetic properties, for RF or MW
components, electromagnetic interference will greatly affect the performance of the period.
If you want to measure millimetre wave impedance matching, it is important to keep the

attenuation rate of electromagnetic wave transmission in a reasonable range.

As mentioned above, the metal material determines the device performance of the circular
or rectangular waveguide by influencing the propagation loss. The propagation loss is mainly
positively correlated with the conductivity. Highly conductive metals can often be used in

high-performance waveguide components. (Huang, Y. et al. , 2022)

Another point is that the mechanical properties of different materials under the same
technology are not the same. It is pointed out that different Al alloys show different surface
roughness in the same additive manufacturing process. In order to quantify the
electromagnetic transmission performance of Ka-band in this waveguide, direct laser
sintering technology is uniformly used in this research. The changes in Root Mean Square
(RMS) height and insertion loss at Ka-band measured during the experiment are shown in

Table 2 respectively:

Table 2. Surface roughness difference between two Al alloys. (Sharma, A. et al., 2020).

AlSil0Mg Al6061-RAM2
Measured RMS height 1.8 mils 0.7 mils
variation
The measured insertion | 1.1 dB 0.59 dB
loss
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The conclusions from the study support our decision to use aluminium alloys in the process

of using additive manufacturing.

In addition to comparing alloy materials that are also based on aluminum, comparing the
potential materials of my equipment, the comparison of properties between copper and
copper alloys and aluminum alloys is also useful for reference. The following Table 3

summarizes the key properties of the materials considered.

Table 3. Several different commonly materials used waveguide material parameter
diagrams. (Matweb,2025)

Material Electrical Conductivity Thermal Machinability
6 (S/m) Conductivity A
(W/m-K)
Copper 59.6 X 10° 401 Moderate
Aluminum 36.9 x 10° 167 High
6061-T6
AlSil0Mg 20 x 10° 150 Moderate
Brass 15.9 x 10° 120 High
Stainless steel 1.45 x 10° 15 Low

The reason why copper or copper alloys are considered for waveguides is that despite the
high cost of copper, it has superior electrical and thermal properties. High electrical
conductivity ensures minimal signal loss, while thermal properties help dissipate heat

generated during operation.

It is necessary to focus on the brass material, compared with other copper alloys in the
processing process because it does not produce long chips, its surface quality is particularly
excellent in the operation of the equipment, and because of its excellent electrical and
thermal conductivity efficiency, good corrosion resistance and many other advantages, this
material is widely used in various MW components. The following Table 4 compares two

different brass materials commonly used:

Table 4. Material data for CuSn6 and CuzZn39Pb3. (Eskelinen H. & Eskelinen P., 2003)
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Materials Melting Electrical Tensile Modulus of
Temperature | resistivity(nQm) Strength Elasticity (MPa)
(K) (MPa)
CuZn39Pb3 1163.15 22 400 96000
CuSné 1223.15 39 88 112000

Due to its excellent machinability, good electrical conductivity and ability to achieve the
desired surface finish, 6061 is also selected as one of the options for slotted sections. The
alloy also provides sufficient mechanical strength to withstand operating stresses. Due to its
excellent machinability, good electrical conductivity and ability to achieve an ideal surface
finish, 6061 was chosen as the slotted section. The alloy also provides sufficient mechanical
strength to withstand operating stresses. In terms of mechanical strength, several common

aluminum alloys are paired with brass alloys, as shown in Table 5 below:

Table 5. Mechanical strength of aluminium alloys and brass alloys. (Matweb, 2025)

Metals Tensile Yield strength Hardness Density(kg/m~3)
strength Rockwell
Brass - 40000 55 8470
Al 3003 alloy 22000 21000 20-25 2730
Al 6061 alloy 45000 40000 60 2720

It can be seen that in terms of mechanical strength, the mechanical strength of aluminum
6061 is not much different from that of brass, and the density is much lighter than that of
brass. In addition to the basic mechanical strength, aluminum 6061 corrosion resistance is
also one of the advantages, more suitable for long-term stable work, low cost this feature is
also suitable for large-scale applications. These properties make it an ideal material for
providing mechanical stability and thermal management. It should be noted that similar
properties with other aluminum-based materials, aluminum 6061 as an aluminum-
magnesium alloy also has, for example, in the presence of oxide layer and impurities, the
waveguide with aluminum 6061 crisis may affect the propagation performance of the Ka-

band waveguide due to the increase in dielectric loss. (Wang, Y. et al., 2021)
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If the material itself is still difficult to provide high conductivity, but because of high
mechanical strength or high machinability requirements to choose it as the main structure,
you can choose to electroplate gold or silver on the surface of low conductivity materials, so

that the electromagnetic wave in the internal chamber of the waveguide direct contact.

It is also a common material form for commercial waveguides on the market today. In this
chapter, the author referred to the material reports of a number of commercial websites, and
found that most of the material composition of the high-frequency waveguide is made of
internal gold-plated brass material, the size of the high-frequency waveguide is generally
relatively small, the use of gold coating is relatively small, and the cost is generally not very
high. At the same time, because of the high conductivity, the insertion loss of the waveguide
is relatively small. Take the following data as a Table 6 example, the detailed material
composition and size as well as insertion loss are involved. (Pasternack, 2025)

Table 6. Electrical specifications of product

Description Minimum Maximum Units
Frequency Range 33 50 GHz
Insertion Loss - 0.3 dB

Max

First, the electrical performance of the commercial waveguide is extracted from the

website, followed by the mechanical performance of the waveguide in the Table 7.

Table 7. Mechanical specifications of product

Waveguide Size WR-22 Materials Brass
Section Length 3.94in [100.08 Plating Gold
mm]
Interface WR-22 Weight 0.25Ibs [113.4 g]

For comparison, the waveguide product information of another website is shown in the
Figure 5. (Millimeter Wave Products Inc., 2025) The difference is that the waveguide size

of this one is smaller and the material is oxygen-free copper.
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Physical Specifications

Input and Output Ports WR-28 Wavequide, UG-599/U Flange
Material Oxygen Free Copper

Finish Gold Plated

Length 1 Inch

Figure 5. Mechanical and electrical properties of rectangular waveguide (Oxygen-free
copper).

The main structural materials for rectangular waveguides and integrated circular waveguides
are defined in the discussion above, which are made of aluminum or copper alloys and

enhanced by electroplating for surface conductivity.

When it comes to high-frequency waveguides, choosing between gold plating and silver
plating is indeed a question worthy of serious consideration. In terms of performance, there
IS no doubt that silver material has a lower resistivity and a higher conductivity, making it
more suitable as a connector. (Karam, A. F., 2016) However, at the same time, silver is prone
to losing its original excellent performance due to environmental corrosion and requires
additional coating protection. Compared with silver, the operation of gold plating can reduce
the transmission loss when the equipment transmits electromagnetic waves. Meanwhile, its
excellent corrosion resistance and stable physical and chemical properties ensure the long-

term reliable working performance of the equipment.

A strong proof comes from a related study on silver plating operation of K-band waveguide
components printed by SLA. The study shows that the attenuation of less than 1.5 dB/m can
be achieved in WR42 waveguides using silver plating process, which is more outstanding
compared to printing the same components with other materials. (Simonovic, A. et al., 2023)

The following Table 8 depicts the comparison of gold and silver in different properties:

Table 8. Comparison between gold plating and silver plating

Criteria Silver-Plated Gold-Plated

Cost Lower Higher

Attenuation <1.5dB/m Enhanced performance
Environmental Stability Prone to oxidation Stable, does not tarnish
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Conductivity High conductivity Lower conductivity

2.1.4 Literature search and review for design for manufacturing and assembly

Engineers can design lean products, design standards for design and assembly are one of
the most important principles. The reason why this research pays so much attention to the
rationality of material selection and the reason why the processing method fits the selected
material after material selection is to achieve the purpose of reducing the cost, improving

the manufacturing efficiency and simplifying the assembly. (Dewhurst, 2011)

In this device, there are two modules with almost symmetrical geometry, the only difference
between the two modules is that one of the modules has a positioning pin and a countersunk
hole for mounting screws. To ensure that the two modules will not be misaligned after
assembly, this is to ensure that the geometry of the groove gap at the top of the circular
waveguide is accurate. The loss of energy in the case of misalignment when assembling
similar mirror parts may be small, but it has a great effect on the mode structure of
electromagnetic radiation. (Xiao, X. et al. 2016) Therefore, based on the correct geometry,
the slot will not destroy the waveguide mode originally inside the circular waveguide, so as
to ensure that the Ka-band related information collected by the probe deep inside the circular
waveguide is accurate during the measurement process. This is undoubtedly closely related

to the principle of DFA.

Misalignment also leads to an increase in insertion loss, for example, a #5 micrometre
misalignment at the input leads to an increase in insertion loss of less than 0.2 dB, indicating
a relatively good tolerance for minor misalignment. (Kuhn, K. F. et al. 2022) Considering
the DFMA principle at the beginning of the design is conducive to predicting the coupling
problems that may occur next, and solving these problems before they seriously affect the
measurement work of the equipment, so as to ensure that the impedance matching of

millimeter wave can be achieved during measurement. (Gokul kumar K. & Naiju C.D., 2017)
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2.2 Systematic suggestion with expert interview

The expert interviewed is a highly respected distinguished professor at the University of
Oulu who has extensive experience in designing, testing and manufacturing various types of
MW and RF components. Also, as mentioned earlier, the subject of this article is one of the
extensive research projects of LUT University during 2025. The focus of this project is to
study the material selection and manufacturing techniques based on DFMA principles for
the different components of this unique device, and ultimately to develop a structured
manufacturing plan selection. The main form of expert meeting is online meeting to answer
the questions encountered in the study of the equipment, as well as to answer the broader
material selection processing mode DFMA and other questions that generally need to be

explained within the research group.

In this section of this article, the author generally refers to some of the questions expected to
be raised during the expert meeting. Detailed answers to the questions and the general
questions given by the experts to other members of the research group during the meeting,
the answers to which are conducive to the material selection and processing methods of the
equipment are also described in the results section. For this equipment, the author can consult
the professor of this major on the relevant knowledge of mechanical manufacturing process
and 3D modelling to answer questions. However, knowledge about microwaves and
radiation requires experts to answer, and the more critical questions are: What is the specific
role of the slotted line of the circular waveguide, and how does the shape and coupling of

this slotted line affect the operation of the device?

These two questions cannot be answered by general knowledge of the field of mechanics.
Experts with rich knowledge in the field of MW and radio frequency are able to answer,
which is of great significance for the author to deepen the understanding of the principle of
the equipment. The answer to the second question will also allow the author to have more

thinking angles for the mechanical processing method of the equipment.

The questions raised by other members under the same topic in the expert interview and their
corresponding topics can be seen in Appendix 5. These questions are also of considerable

research significance as a reference for this research.
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2.3 Utilization of SolidWorks and DFMXpress Module of the SolidWorks

In order to achieve accurate simulation of the Ka-band circular waveguide slotted line device,
S0 as to optimize the existing design relatively reasonably, after using SolidWorks modelling,
DFMXpress plug-in is used to check the DFMA device design rules. This chapter describes
the detailed method of modelling equipment components and the basic role of detailed parts

in the model for the overall operation of the equipment.

For the key components of the slotted line of the Ka-band circular waveguide, namely the
two nearly mirrored components that make up the circular waveguide, the purpose of
modelling with SolidWorks is to ensure the correct geometry of the grooves at the top of the
circular waveguide, and the design of the guide pins ensures that the mirror assembly ensures
that the slotted line geometry is accurate during coupling. In addition, the accuracy of the
linear path of the tuned probe along the groove is also based on the fact that the grooving
lines of each half of the mirror parts are parallel to the sliding two-rod mechanism, which is
parallel to the sled structure with the integrated rectangular waveguide and the tuned screw

mechanism with the probe.

To achieve the above effect requires accurate measurements of the various dimensions of
the device, including the position information of each hole, in order to connect the

components well and strongly.

There are four holes on the left side of the image assembly whose main body forms the
circular waveguide, and the device transmitting the Ka-band can be installed on this side. At
the same time, there is a standard flange at the end of the integrated rectangular waveguide
sled, and on the front side of the device, there are four small holes in the flange piece, also
for equipment installation to provide further processing of the Ka-band reflected from the

flange piece.

2.4 Utilization of the triangulation

After briefly introducing the three methods of triangulation, the main purpose is to cross-

demonstrate the accuracy of the research information through this method.
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For the choice of materials, while considering pure copper and copper alloy, it is necessary
to see that aluminium alloy also has good electrical conductivity and machinability, and has
advantages in strength and weight ratio, experts suggest that the choice should be based on
the geometry of the equipment, the specific working environment to consider what kind of
material to choose. Experts also suggest that copper can be considered as the main material
of the device because of its high conductivity, but experts also suggest that it is necessary to
compare the priority of processability and conductivity in a particular device, the former

ensures the degree of coupling, while the latter reduces the propagation loss.

According to the results of the literature review, the author adds a new commonly used
material consideration in terms of materials: Aluminium alloy, considering the strength and
weight ratio, machinability is better than pure copper, in terms of conductivity compared to
the commonly used brass on the market, that is, copper-zinc alloy, excellent, comprehensive
factors, choose this material as the main body also seems to be a good choice. The author
also makes a targeted comparison of the techniques that CNC turning technology and
additive manufacturing technology may use in the machining process, mainly in terms of
variance and surface roughness. Combined with the strict requirements of the coupling
degree taught in the expert talks, the expert made such requirements in order to avoid the
damage of the electric field inside the circular waveguide leading to inaccurate
measurements, and the strict restriction of the tolerance class IT6 in the guidance document.
The above two points force the author to consider a more accurate processing method that
can process a smoother surface, which is undoubtedly explained in the literature review:

CNC machining technology.

Triangulation allows us to compare and filter the known information from many aspects,
and to repeatedly argue whether a certain idea or choice will be used in the result, thus

ensuring the reliability of the research

2.5 Means to carry out reliability analysis

There are several ways to ensure credibility, and researchs make extensive use of scientific
databases such as Institute of Electrical and Electronics Engineers (IEEE), which are
published by reputable publishers. Good reputation in the industry, high reliability. Papers
with high ratings and high citations will be adopted. The companies in the non-scientific
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sources are well-known global companies. The DFMA module of SolidWorks is used as the
experimental data with high reliability. The expert interviewed is a highly respected
distinguished professor at Oulu University who has decades of experience in designing,

testing and manufacturing various types of MW and RF components.

For example, the article "Surface roughness effects on additively manufactured aluminum
Ka-band waveguide" compares the same type of article, select articles of the same type that
have a citation rate higher than 75 percent and are cited at a higher rate than Scopus expects
for that article.

This selection of high citation rate, and the source is quite recognized in the industry
established journals of articles, can ensure the reliability and credibility of the cited papers.
At the same time, after reading the article in detail, we can ensure that the article fits the

background of the problem studied in the research.

Meanwhile, the reliability of the information obtained by the triangulation method can be
verified through the reliability analysis tool in Appendix 2.
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3 Result

After repeated evidence of a variety of literature, the author gradually determined a variety
of feasible material choices, and compared CNC technology and additive manufacturing in
a variety of processing methods, including SLA, SLM technology. In this chapter, involving
the requirements of specific equipment, the author must choose a specific solution that fits
the equipment from some specific materials or machining methods that have been reduced.

3.1 Result of literature review

The selection results are summarized below in terms of materials and processing methods.
At the same time, summarize different data and adopt the viewpoints in different researches.
In the following text, make a value analysis and systematic selection of the corresponding

materials and processing methods.

3.1.1 Systematic material selection

The structure of the skid integrates a rectangular waveguide. By comparing different
materials and obtaining references in academic journals, various comparative nature charts
were derived, and the characteristics of various materials were summarized. In Appendix
Four, the value analysis of various materials was conducted, and then a further selection was
made between brass and aluminium alloy. The former is a material with relatively strong
processability and corrosion resistance, while the latter has an advantage in terms of
electrical conductivity. The interior of the electromagnetic wave transmission waveguide is
considered to adopt gold plating technology to ensure the surface roughness standard and
electrical conductivity requirements, and to minimize the attenuation rate of Ka-band
transmission in the waveguide as much as possible. The tuned screw mechanism with a probe
can ensure the quality of the electromagnetic wave after it is transmitted to the rectangular

waveguide.

Aluminium alloy has advantages in cost, corrosion resistance, light weight, and high

electrical conductivity relative to brass. However, the mechanical strength of the equipment
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made is relatively low, and the wear resistance is not as strong as that of brass. And taking
into account the excellent cutting performance of the brass to be used, the structure of the
sled where the rectangular waveguide is located is relatively complex, there are small shape
differences on the six faces, the processing is relatively difficult, and at the same time, it is
also integrated with the tuning mechanism with a probe inside, and the requirements for the
process are relatively high. Therefore, for the integrated rectangular waveguide sled structure,
brass is selected as the main material. Specifically, | selected the brass model that is more
suitable for CNC machining: EN-CW614N.

For areas that directly reflect Ka-band wave, in order to reduce insertion losses, gold plating
is selected to improve reflection efficiency. The conductivity of brass itself is less than that
of ordinary aluminium, but the operation of gold plating can improve this, and it is also
suitable for contact with other accessories and need to move each other, considering its wear
resistance and corrosion resistance, especially suitable for integrated special tuning
mechanism and rectangular waveguide sled structure. There is another reason to choose
brass, the surface of the general aluminium alloy will have a layer of dense alumina structure,
will affect the adhesion of the gold-plated layer, the need for strict pre-treatment before gold-
plated, remove the oxide layer on the surface of the aluminium alloy, the process is
complicated. Instead, | decided to choose brass as the main material of point gilding, which

is also in line with the thesis concept of considering design for processing.

At the Ka-band frequency, the requirements for the inner surface conductivity and surface
roughness of the circular waveguide are very high. Therefore, the selection of inner wall
coating materials has a significant impact on the transmission performance. For circular
waveguides with brass as the base material, common inner wall coating materials include

gold and silver.

Silver has the lowest resistivity and can effectively reduce conductor loss in high-frequency
transmission. Theoretically, the transmission attenuation is relatively small. The resistivity
of gold is slightly higher than that of silver, but it has excellent oxidation resistance and
chemical stability. It can maintain good surface conductivity and consistency during long-

term use and in damp and highly corrosive environments.
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Although silver has superior initial performance to gold, it is prone to oxidation, forming a
layer of silver oxide film with poor electrical conductivity, which affects the transmission

efficiency.

Considering the electrical performance and environmental adaptability, if the waveguide
operates in a situation that requires extremely low loss and a controlled environment, silver
plating is theoretically a more suitable material. However, in real life, it is impossible to have
an ideal working environment free of interfering factors. Therefore, in applications with high
requirements for stability and service life, gold plating is more reliable. Therefore, in the Ka-
band circular waveguide, after a comprehensive trade-off based on the actual application

environment and performance indicators, gold plating is selected as the coating material.

Then for the circular waveguide, the structure is relatively simple, and the Ka-band needs to
have a long transmission distance inside the waveguide, and the electrical conductivity is
relatively high, and the aluminium alloy has high electrical conductivity compared with the
traditional zinc alloy of brass, and the cost is relatively low. In addition, when the waveguide
passes through the high frequency Ka-band with higher power, it is possible to generate a
lot of heat, the previous table 1 pointed out that aluminium alloy has good thermal
conductivity and heat resistance compared to brass, and there is less probability of distortion
or deformation caused by thermal effects. In summary, for the circular waveguide theme
with relatively simple structure, aluminium 6061 is selected as the material.

The value analysis charts of various materials can be obtained in Appendix 4

3.1.2 Selection of machining methods

The choice of machining method for the waveguide element is critical to achieve the desired
accuracy, surface finish and mechanical properties. According to material selection and
design requirements, the machining methods of rectangular waveguide, circular waveguide

and their respective parts are evaluated and selected.

The rectangular waveguide is made of brass with gold plating inside, and CNC milling is the
preferred machining method. CNC milling offers high precision and the ability to achieve
tight tolerances, which are essential to minimize signal loss and ensure efficient transmission

of electromagnetic waves. The complex structure of rectangular waveguides, including their
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integration with tuned screw mechanisms and probes, requires a machining method capable
of handling complex geometry and multi-faceted small shape differences. CNC milling
provides the necessary flexibility and precision to meet these requirements. In addition, the
excellent machinability of brass makes it ideal for CNC milling, ensuring high quality

surface finish and dimensional accuracy.

For the internal gold-plating process, electroplating was chosen because of its ability to
provide a uniform and adhering gold layer. Gold plating improves surface conductivity and
reduces insertion loss in the Ka-band. Unlike aluminium, brass substrates do not require
extensive pretreatment to remove the oxide layer, simplifying the plating process and

ensuring better adhesion of the gold layer.

The circular waveguide is made of aluminium alloy 6061 and requires a machining method
that balances accuracy, surface finish and cost effectiveness. Due to the ability to achieve
the required dimensional accuracy and surface quality, the main body of the circular
waveguide was also selected for CNC milling. The relatively simple structure of the circular
waveguide makes CNC milling an efficient and reliable choice for the production of this

component.

For slotted parts of circular waveguides, electric discharge machining (EDM) is considered
as a complementary method. EDM is particularly suitable for manufacturing fine grooves
and complex features with high accuracy and minimal material stress. This method ensures
that the slots are precisely machined without compromising the structural integrity of the
waveguide. The combination of CNC milling and EDM allows the production of high-

quality circular waveguides with precise slot sizes and minimal distortion.

While additive manufacturing techniques such as SLM and SLA were thought to be able to
produce complex geometry and reduce material waste, they were ultimately deemed less
suitable for waveguide components. The main reasons for this decision include surface finish
limitations, as additive manufacturing technology typically produces components with a
rougher surface finish compared to CNC milling, which is not ideal for high-frequency
waveguide applications where surface roughness directly affects signal loss. In addition,
while additive manufacturing can achieve high precision, it often requires post-processing
(for example, machining or polishing) to meet the tight tolerances required for waveguide

components. In addition, the electrical and thermal properties of materials processed using



33

additive manufacturing may not match those of traditional machined parts, especially in

high-power applications.

In summary, CNC milling is the preferred machining method for rectangular and circular
waveguides because of its precision, flexibility, and ability to achieve the desired surface
finish and dimensional accuracy. The slotted part of the annular waveguide is EDM to ensure
high precision and minimal material stress. Although innovative, additive manufacturing
methods were not chosen due to their limitations in terms of surface finish, dimensional

accuracy, and material properties for high-frequency waveguide applications.

The value analysis charts of various machining method can be obtained in Appendix 4

3.2 Result of expert interview

The expert stressed that the fit between the various components must be accurate, and
stressed the importance of the quality of the surface roughness in the internal cavity for the
entire device, he said that for low frequency bands, surface roughness may not be the most
critical factor, but for high frequency Ka-band waveguides, maintaining high quality surface
roughness and tolerance is very critical. At the same time, because high-frequency MW or
RF components are generally smaller in size than low-frequency components, maintaining

high accuracy at small sizes is more difficult for machining processing.

At the same time, in terms of material selection, experts pointed out that maintaining a
balance between surface roughness and good conductivity is the key to the selection of
materials, copper in terms of conductivity may be a better choice, but in the copper surface
processing a relatively smooth plane is challenging, so ensure the machinability and

conductivity depends on the equipment needs which side of the advantage.

The challenge with my device is to try to make a very precise central slot while making sure
that the edges of the slot are particularly smooth, allowing small probes to enter the
waveguide from between the well-coupled, very narrow slots. The purpose of this is to
ensure that the waveguide mode in the circular waveguide will not be destroyed. Another
point is to ensure that the rectangular waveguide and the circular waveguide below are
perpendicular to each other, to ensure the correctness of the trajectory of the sled integrated

with the rectangular waveguide.
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3.3 SolidWorks DFM Module and DFMA

The DFMXpress module application for the main part of the circular waveguide is shown in

Figure 6:
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Figure 6. DFM module for circular waveguide.

Regarding DFMA rules, in the design of this device, some rules are satisfied, but five rules

are not satisfied. The following describes the unmet DFMA rules.

Regarding the ratio of hole depth and diameter, in actual operation, if the hole is drilled too
deeply under a certain diameter, for example, the hole depth reaches 4 to 5 times the
diameter, the processing of machining parts such as drilling may become difficult, further
leading to the damage of the tool or the quality of the hole processed. In the above cases,
the diameter of the hole is increased to reduce its ratio to the depth or the design of the
stepped hole with a different diameter of the hole is adopted to facilitate the machining of
the tool during drilling. The ideal hole depth to diameter ratio is mentioned in this module

and is about three.

In the second principle, the circular waveguide is machined with only half the cylinder of
each component, which is not in line with the partial hole rule, in theory, it is necessary to

achieve at least three-quarters of the holes are present in the machining area. If not, the
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processing may be difficult, and the average force distribution of the drill in the cutting

material is not the same.

Third, involving the depth of the chamber or slot structure, it is necessary to carefully
consider the depth of the design. When the tool travels to the deeper part of the groove
structure, the vibration that may occur will also affect the finish degree of the machined

surface.

Fourth, a flat bottom hole cannot be formed with a standard drill bit, which forms a conical

bottom rather than a flat bottom. Special milling cutters are required for processing.

The last is the problem of intersecting the hole and the cavity. When passing through the
cavity, the bit may be offset and deformed. It is necessary to avoid this situation in the design

as much as possible.

The same is true of the sled structure below, which integrates rectangular waveguides and

mechanically tuned elements. Figure 7 shows DFMXpress's analysis of this component:
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Figure 7. DFM module for rectangular waveguide.

3.4 Recognize the manufacturing stages and estimate the time for each stage

First of all, we need to correctly recognize each of the different manufacturing stages
regarding each individual mechanical component of the device, taking the example of the
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sled structure with integrated rectangular waveguides and tuned components, the author

forms the manufacturing chain of this component, as shown in Figure 8:
1 2 3 4
5 6 7 8

BB og

Figure 8. Different stage of manufacturing for rectangular waveguide.

Below is the simulation time of the different manufacturing processes of the circular

waveguide in the Table 9.

Table 9. Manufacturing stages with estimated manufacturing times for circular waveguide

Mechining Geometry Simulat | % of
stage etime | total
time
7.8min | 95%
Rough
Milling (up)
0.16min | 2%
Rough
Milling
(front)
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0.23min | 3%
Drilling(front
)
0.06min | 0.7%
Drilling(right
side)
Total | 8.25min | 100
%

In this process, the blank as a whole is first done a rough milling, outlining the rough outline,
which takes the main time to deal with, the time spent is relatively less, focusing on the
manufacture of some details. Then, after a rough milling at the front end, a rectangular
groove is obtained that can be inserted into the double guide rails for linear movement of the
sled structure. Then, a series of tightly coupled two-part structures such as screw holes and

positioning pins of the circular waveguide slotted line are drilled.

After clearly understanding each processing stage of a certain part, we can simply estimate
the time required for each part processing, and the proportion of this time in all processing
stages, and roughly understand the workload of each stage. In addition, the processing
methods used at this stage are listed in the first column of the table. It should be noted that
the machining of the inner surface and slot of the circular waveguide may require more
precise machining methods to achieve the required roughness and dimensional variance, and

only rough milling is completely insufficient.
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4 Discussion

The main content of this sheet is to compare and discuss the reference information obtained
from existing triangulation methods with the selection of materials or manufacturing

methods obtained in Result part

4.1 Key finding and conclusion

The key findings mainly include the selection of brass and 6061 aluminium alloy materials.
The two materials are mainly considered in terms of electrical conductivity and
machinability. The whole device is coupled with waveguides with different cross section
shapes and has a vertical position relationship with each other. For the sleigh structure which
integrates mechanical tuning elements and rectangular waveguides, brass is chosen as the
main machining material. For the circular waveguide with Ka-band contact, 6061 aluminium

alloy with high conductivity is mainly used as the main structure.

In addition, the processing method selected for these two materials is CNC, which is more
suitable for the specific processing of the above two materials, and the processing accuracy

is high.

In conclusion, this research has carried out a practical manufacturing plan for a Ka-band
circular waveguide slotted line used to measure the impedance matching of millimeter wave
components, combined with the selection of materials for different components, based on
the triangulation method to meet the requirements of manufacturing accuracy and tolerance,
in order to achieve the propagation requirements of low attenuation rate. At the same time,
SolidWorks modules such as DFMXpress and CAM require optimized manufacturing
planning considerations with a certain degree of success in constant plugging, reducing the

difficulty of manufacturing and assembly in actual manufacturing.

The unique design of this device opens up a road with reference value for the design of
circular waveguide slotted line which is not available in the market. Most commercial
devices are equipped with integrated diode detector probes, and the slotted lines are perfect

for deep circular waveguide measurements.



39

At the same time, it is planned to answer four basic research questions. The conclusion drawn
from the first question is that CNC technology can meet the loss requirements in Ka-band
waveguide transmission while ensuring the surface roughness meets the standards. However,
the other two technologies, SLA and SLM, which are used in additive manufacturing, are
difficult to achieve the required surface accuracy at the current technological level.

The second issue is that, based on the existing equipment characteristics, for the relatively
complex components integrated with rectangular waveguides and specially tuned
mechanical mechanisms, the use of brass can ensure both corrosion resistance and
processability. For circular waveguides, more consideration is given to the issue of weight-
to-strength ratio. Selecting aluminum alloy 6061 is conducive to balancing electrical

performance and manufacturability, and it is also relatively cost-effective in terms of cost.

The third issue is regarding DFMA. Improving the defects in equipment design through
different DFMA principles can enhance the manufacturability and assembly efficiency of

the equipment.

The fourth issue focuses on the coating. Choosing gold as the main material for the coating
ensures the durability and corrosion resistance of the equipment. At the same time, it can
significantly enhance the electrical performance of the waveguide and reduce the attenuation
of the input signal.

4.2 Comparison and connections with former research

Compared with the previous literature review and the final selection of materials, the main
difference is that one is a scientific research activity, which may not consider the specific
performance of the equipment in the actual work process, and more is the prospect of a new
type of technology or the application possibility of materials. For example, the common
additive manufacturing technology mentioned in the scientific article is used in the
manufacturing process of the equipment, which is a possibility, but considering the high loss
scenario caused by the high frequency band of the application scenario, the market choice
should be a more mature CNC processing technology in the rational analysis. This enables

precise control of the machine tool for automated machining technology, and smaller surface
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roughness and tolerances lead to more accurate measurements of the impedance matching

of millimeter wave components.

In the same way, after comparing the value of various materials in the Ka-band reflection
loss, theoretically speaking, aluminum alloy is indeed a comprehensive material in terms of
cost, conductivity, processability and so on. However, the commonly used material for
rectangular waveguides on the market today is brass products rather than aluminum alloys,
and the parts in direct contact with electromagnetic waves are gold-plated to reduce the loss
caused by low conductivity. Typical practices in the market have been borrowed from the
material selection chapter of this research, and brass is used for sledge structures with
integrated rectangular waveguides and mechanically tuned probes to suit the machining
method and achieve lower surface roughness. On the other hand, the key structure of the
newly designed equipment uses aluminum 6061 alloy to ensure that the strength to weight

ratio is large enough to facilitate the processing of circular waveguide slotted lines.

4.3 Reliability of the research

In the discussion section, the author plans to analyse the six structured influencing factors of
reliability, including reliability, availability, sensitivity, error analysis, saturation, and
accuracy. The visualized table is recorded in Appendix 2. The six key factors have different

emphases in the three major methods. Please pay attention to the detailed explanation below

The triangulation composed of different methods ensures that the research is reliable to a
certain extent. At the same time, the application of SolidWorks ensures the availability of
the various manufacturing method in the simulation. The referential information provided
by professors in the field of MW and RF arranged by LUT University is also consistent with
the literature information consulted, which further confirms the reliability of the information
provided by this professor. Three different methods of cross-proving each other's

conclusions, to ensure the reliability of this thesis.

The above six basic indicators mainly focus on the guarantee of article Reliability, and the
three methods of triangulation are reflected in six aspects. Specifically, validity is reflected
in whether the information is applied to a specific device, while reliability is the correctness

of true information.
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Going back to the explanation of the first two indicators, for example, when my device was
designed, there were no similar products with circular waveguide slotted lines on the market.
Therefore, the commercial information may not be able to provide a reasonable design
explanation and reference for my products. For the unique design of the equipment, | need
to consult the literature to prove the rationality of the design. Only after explaining the
principle of the equipment can the manufacturing plan and reasonable materials be selected
for the equipment. The answers given by experts in my equipment room are also based on
the different design principles of this equipment compared with other equipment, which

improves the validity of the information given.

Reliability focuses on the correctness of information. Similarly, the method of expert
interview is taken as an example. When experts answer the questions of the DFMA team,
they not only give oral answers, but also share the information from some reliable and
referential books with the students who ask questions, which enhances the reliability of

information obtained to some extent.

The third important indicator is sensitivity. How to reasonably analyse the sensitivity of the
information cited in research depends mainly on how the results of the research change
around a small change in a specific set of variables. For example, expert meeting refers to
similar questions that may be universal when students in the same category, such as DFMA,
are organized by LUT University into specific guidance papers under the same expert, and
the internal differences and similarities in the answers to these similar questions reflect the
sensitivity of this method. That is, to some extent, the obtained information has both the

function of comparison and reference for different devices in the same category.

With regard to error analysis, my evaluation of the three different methods in this area is
mainly about what might lead to possible errors in the processing of the information obtained
by the three methods. In literature review, errors mainly come from reasonable literature
collection. Judging a reasonable range or collecting appropriate keywords can avoid errors,
but it is impossible to avoid interference from inappropriate or wrong information in the
collection process. Therefore, multiple methods are needed to repeatedly test a certain
conclusion to avoid errors. The same principle applies to the expert interview method. As
for the simulation, the error mainly comes from the previous measurement work, and the

small error may cause the final result to be far from the expectation.
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Saturation and accuracy reflect whether the three methods correctly describe the object and
whether the device is analysed from multiple angles. This point in the literature review is
mainly reflected in the practical reflection of the characteristics of the equipment, and the
multi-angle comparison of the work of the equipment in different application scenarios.
These two points are particularly important in the evaluation of the third method, measuring
different angles, detailed and accurate description of the equipment is a very important

evaluation index of the method.

4.4 Topics for future research

For further future research, it may be involved to optimize the groove shape of the circular
waveguide propagating in the Ka-band, and further optimize the shape of the groove line to
achieve the mirrored circular waveguide with higher coupling degree and reduce the

influence on the internal field strength.

At the same time, considering the further study of the application of additive manufacturing
technology to the manufacturing of circular waveguide grooves, at present, the use of
commonly used additive manufacturing technology to manufacture circular waveguides will
lead to the failure to ensure that the surface roughness and tolerance meet the minimum loss
standards, reduce the accuracy of the measurement, in this respect there is still a great

potential for in-depth scientific research.
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5 Summary

This research belongs to the DFMA research project for MW and RF components. The
material selection and manufacturing plan of Ka-band circular waveguide slotted line for
measuring impedance matching of millimetre wave components are studied. The main
factors taken into consideration are propagation loss and manufacturability to achieve better

geometry.

The main results of this research include the simulation of computer-controlled cutting of
cutting tools on blank after making manufacturing plan, the systematic use of multiple
information channels to select materials, and finally the design optimization behaviour of
DFMA principle.

At the same time, triangulation was used, including literature review, expert interviews and
the use of SolidWorks, to ensure the reliability of the research. At the same time, the
possibility of using this device in future research and additive manufacturing is further
envisioned, the prospect of additive manufacturing in the manufacture of the equipment is
discussed appropriately, and whether the specific technical level is expected to achieve the
desired fine machining effect.
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Appendix 1: Technical drawings and the size of the bulk material.
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Appendix 2: Reliability Analysis Tool.

Literature review
from scientific
sources

Expert interview

SolidWorks
Modeling

The use of Scopus AI can
provide a wide range of
documents that match the key
words of the paper.

Invited experts in the field of
microwave and radio frequency,
in line with the field of
application of the equipment

Accurate measurement of the
physical model to ensure the
correct shape of the model

Raliability

Use keywords to search
relevant literature, cite reliable
literature with high value or cite
well-known journal articles

Accurate answers to questions
by renowned experts guarantee
correct answers to research
questions

The use of modules such as
DFMA or CAM ensures correct
equipment and manufacturing
plans

Error Anlysis

Different information in the
screening process may not be
able to get the information that
conforms to the current
equipment

Possible linguistic ambiguities
lead to misunderstandings
during voice talks

Due to the inaccurate
measurement accuracy, there
will be errors in modeling and
simulation of the actual model

T iy acemyswraion

Literature review
from scientific
sources

Expert interview

SolidWorks
Modeling

Triangulation
itself

The literature obtained after the
keyword adjustment in detail is
reviewed and further screened

Expert interviews reflect the
sensitivity of different device
papers to similar questions on
the same topic

Subtle adjustment of certain
key dimensions like hole radius
to optimize design rules

The literature available in
recent years was selected to
ensure the timeliness and
accuracy of the information

Make detailed records of the
contents of the expert talks, and
make summaries after the
meeting to improve accuracy

Try to measure and model with
more accurate instruments

A large number of literature
screening, multi-angle literature
nquiry

Interview experts in different
fields to mcrease the diversity
and saturation of research
information

3D modeling of the physical
object 1s conducive to viewing
the equipment from multiple
angles

Conduct multiple simulations and tests to ensure comprehensive validation
of the model from all perspectives.



Appendix 3: Literature Review Analysis Tool.

Question (Q1-Q2) Reference

Q1: Under the premise of ensuring that the surface roughness is less than 1.6um, what manufacturing process can meet the
transmission loss requirements of Ka-band circular waveguides?

Gamazina, D. et al., 2016
Summarized observations about the relevance to question Jin, X, 2021

Under the premise that the surface roughness is less than 1.6 pum, CNC machining can best meet the low-loss requirements of Ka-
band circular waveguides, and the SLM technology after post-processing also has comparable performance.

Hollenbeck, M. et al., 2017
Summarized observations about the relevance of each reference

The abave references provide empirical comparisons of different processing methods in terms of surface roughness and

transmission loss control, particularly supporting the comparative selection between CNC and SLM. Sharma, A et al., 2020

Q2: How to balance the selection of materials for Ka-band circular waveguides between process feasibility and electrical

Eskelinen H. & Eskelinen P., 2003
performance?

Summarized observations about the relevance to question Wang, Y. et al., 2021

When striking a balance between processing feasibility and electrical performance, materials such as brass or 6061 aluminum alloy
should be given priority. The surface electrical conductivity can be enhanced by electroplating silver or gold as needed

Nicolaescu, ., 2007
Summarized observations about the relevance of each reference

The above literature provides data support and methodological basis for the multi-dimensional evaluation and selection of

waveguide materials (processability, electrical conductivity, structural strength, dielectric properties). Matweb, 2025

Question (Q3-Q4) Reference
Q3: How does the application of the DFMA principle to equipment components affect assembly efficiency and manufacturability? Dewhurst, 2011

Summarized observations about the relevance to question Xiao, X. et al., 2016
The application of the DFMA principle can optimize the structural design, improve the assembly alignment accuracy and
efficiency, reduce the manufacturing complexity, and help reduce the insertion loss caused by assembly errors while maintaining
the integrity of the electric field.
Kuhn, K F. et al., 2022

Summarized observations about the relevance of each reference

These references support the direct impact of assembly structure design and error control on the measurement accuracy and

manufacturing efficiency of the Ka-band, and enhance the value of DFMA in the design of high-frequency devices. Gokul Kumar K. & Naiju C. D., 2017

Q4: What influence do different inner wall metal coatings have on the electrical performance of brass-based Ka-band waveguides Huang, Y. et al., 2022

Summarized observations about the relevance to question Eskelinen H. & Eskelinen P., 2003

Silver and gold metal coatings reduce insertion loss due to their high electrical conductivity. Silver is better, but gold has mare
advantages in oxidation resistance and stability. Therefore, the choice should be made based on the actual condition.

Pasternack, 2025
Summarized observations about the relevance of each reference

These references support the analysis of the differences in electrical properties among different metal coatings, especially when
brass is used as the substrate, the electrical conductivity of the gold/silver coating affects the insertion loss.



Appendix 4: Material and Manufacturing Methods Value Analysis Tool.

Electrical Surface Finish
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Appendix 5: The Set of Expert Interview Questions.

Question Topic

What is the fact that the screw holes have the effect on the radar signal? Radar altimeter antenna

What level does the Q-vector of the normal resonator maintain compared to space
requirements and what kind of test does the Q-factor of the resonator based on the space

Resonator cavity
environment?

Which assembly challenges and mechanical tolerances have the most significant impact on Fighter radar
the R performance and the manufacturability of coaxial mixer modules and X-band radar
systems?

How does gold embrittlement during coating and soldering and decompoasition of metal W-band directional coupler for 92 GHz docking radar
during bending affects the performance of high frequency wave bands?

Question Topic

What impact do the number and size of the screw holes, the auxiliary holes, have on the A 14 GHz combline bandpass filter
overall design and functionality? How can their quantity be minimized without compromising

the device's performance?

Which types of deformations in a resonant cavity have the most significant impact on the Phase-locked 8 GHz dielectric resonator oscillator
quality factor of dielectric resonator oscillator?

What is the specific function of the slotted light of the circular waveguide? What is the specific Ka-band circular waveguide slotted line
effects of the shape and coupling degree of this slotted light on the device operation?

Question Topic
What are the key factors to consider when selecting materials for a high-frequency cavity Iris coupled 22.7 GHz cylindrical cavity resonator
resonator?

How does not having a clean soldered hermetic seal or non-uniform gold coating affect the  Ultra-low noise microwave amplifier
performance of the amplifier based on like different frequencies?




