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This thesis studies the design and manufacture of 22.7 GHz cylindrical cavity resonators
using the DFMA-based method. Through literature review, expert interviews and
simulation, this study integrates geometric modeling, material selection and CAM
verification to balance RF performance and manufacturing feasibility. The cavity structure
combines stainless steel, copper and brass components and is Improved for thermal
compatibility and electrical conductivity. The SolidWorks DFM tool and UG NX
simulation revealed the key process constraints, which were addressed through design
adjustments and post-weld improvements. The results emphasize the leading role of cavity
diameter in frequency determination and demonstrate how the DFMA principle can be

effectively applied to high-frequency microwave devices.



Contents

I TNEPOAUCTION L.ttt ettt e b et eeeas 5
1.1 RESEAICHh ODJECHIVES ...uvvieniieeiiieiieeit ettt ettt et ettt e s e et e sateebeessaeenseesanaens 5
1.2 Research Background and Motivation ............cc.eerveeiieriieiiieniieeie e 6
1.3 Research qUestion deSIZN .......uiieuieiiiieiiiieeiee ettt e e e e e eaeeeaeeesaaeeeneeees 8
1.4 Research scope and HMItation..........c.eeecieeeiieeeiieesiie e eeiee et ere e eeae et eesveeesevee s 8
1.5 Expected results and Values ..........cceeeiieiiiiiiieiiieeieeieee et 9

2 1eSearCh MEthOMAS ..oouviiiiiiiieiee et 11
2.1 Research framework and triangulation verification strategy ...........cccceeevvvereveereneeene 11
2.2 Methods of literature acquisition and evaluation............cceeeeveeevieeecieeeciee e 13
2.3 Expert interview design and analysis methods ..........cccooceeeiieiiiiiieniiiiiieie e 15
2.4 Modeling tools and DFMA analysis methods..........c.cceeeierieeiieniieniienieeieeeee e 17
2.5 Data repeatability and process reliability........c.cccveeriiiiiiiiiiiiecieece e 18

3 RESUILS et ettt 20
3.1 Main findings of literature reSearch ............ccoeeveeciierieeiiieiieeiieee e 20

3.1.1 The effect of geometric constraints on the resonance performance is nonlinear
QIFTUSTON Lttt st et 20
3.1.2 Manufacturing errors under high frequency conditions will be "amplified"....... 20

3.1.3 Material selection is limited by the triple interaction of "electric-heat-machine"

3.1.4 The deviation between manufacturability software analysis results and actual
MEASUTEMENt OFTEN EXISTS ..euveeiiieiiieiieiiee ittt ettt 23
3.1.5 The assembly Improvement path of small batch high-frequency devices is still
lacking StANAArdS .........coovieiiiiiieee e 23
3.1.6 DFMA is still at the stage of method transplantation in microwave structure....23
3.2 Summary of EXpert INtETVIEWS ......cccueeeiuiieiiiiiecieeetie ettt 24
3.2.1 The internal geometric structure, rather than the external form, determines the
electromagnetic PErformManCe .........cccueevuieeiieriieiie ettt 24
3.2.2 The combination of structural materials must coordinate magnetic and electrical

PTOPCTLIES 1.uvvieeiiieeireeeitteeetteeestteestaeesaeeessseaeasseeeasseeansseeanssaeassseeesseeesssessssseeenseeesseeenns 24



3.2.3 Conductivity and processability rarely coexist; Surface treatment is indispensable

3.2.4 Electromagnetic seals replace mechanical fastening in high-frequency
COMPOTICTIES .. .teeeeteeeuiteeeuiteeeieee ettt esatteesabeeeeateeesabeeesaseeesbeeenseessseesnnseesanseesnsseesnseeesanes 25

3.2.5 The tuning screw only provides fine-tuning; The diameter of the cavity determines

TESOMANICE «...eeetteeitieeeatteeeatteeeateeeabe e e bt e e e bt e e e bt e e eabaeeeabeeesabeeeabeeebbeeeanbeesabbeesabeeesabeeenanee 26
3.3 Results of structural Modeling and manufacturability verification ...............c.......... 26
3.3.1 Part structure design and material SElECtion .........c.cceccvveeriiieriieeriiieeiee e, 26
3.3.2 Processing path planning and simulation verification..............ccccecvevevienuieneennnen. 28
3.3.3 Chain and Step Decomposition in the structural processing stage...................... 32
3.3.4 SolidWorks DFM Analysis and Model Export Results ...........cccccceeeciveerieennnenn. 34
3.3.5 Technical Guidelines for Welding and Post-treatment .............ccccceeeeveevcieeennnenn. 40
3.4 Observations based on triangulation verification............coccueeevierieecieeniencieenieeeeenee. 41

3.4.1 Three-path intersection observation: Supporting effect of consistency verification

3.4.2 Information divergence area: Empirical knowledge makes up for simulation
ETICIENICIES ..t sttt st et s 43

3.4.3 Observation of the universality of the method: the three-path modeling can be

replicated and popuUlariZed...........cceieeiiieiiiiee e e 43
3.4.4 Overall methodology evaluation ............cccceeviiieiiieeiiiececee e 44
4 DISCUSSION. ..cuttuieiieteeite ettt ettt ettt ettt et sh e bt et esb e e bt et e e bt e bt ensesatesbeenbesatenbeenbesanens 45
4.1 Key Findings and core CONCIUSIONS.........oocuieriiiiiieniieeiieiieeieeie et 45
4.2 Connection and comparison with previous Studi€s..........cccceeveerciieeriieeeriieeeiiee e 46
4.3 Reliability evaluation of T€SUILS .........cceeviiiiiiiiiiiciieececee e 47
4.4 Suggested directions for future research ............cceevvieiieriiieiiiiiieieceeeece e 48
4.5 Generalizable TESUILS .......cc.eiriiriiiiiieeeee et 49
S SUMIMIATY et e e e e ettt e e e sttt e e e e saabeeeesansteeeeenbaaeesenaneeeennns 51
RETRIEIICES ...ttt sttt e st e e i eas 53
Appendices

Appendix 1. Source Analysis Tool

Appendix 2. Technical Drawings



1 Introduction

High-frequency microwave components are becoming increasingly complex and
miniaturized, posing new challenges to the integration of design and manufacturability.
This introductory section provides an overview of the fundamental aspects of the research,
including its objectives, background and motivation, the research questions formulated,
scope limitations, and expected contributions. Each part provides the necessary
background for understanding the significance and methodological direction of the

research.

1.1 Research Objectives

This research aims to take the iron-coupled cylindrical cavity resonator with an operating
frequency of 22.7 GHz as the main design object and formulate a comprehensive design
and manufacturing analysis framework based on DFMA to meet the requirements of high-
frequency microwave components. The primary goal is to transcend the traditional
separation between electromagnetic design and mechanical feasibility by directly
embedding manufacturability considerations into the early design stage. This is achieved
through a multi-dimensional approach that combines geometrically driven analysis,
material-process integration, and iterative simulation. During this working process,
SolidWorks and UG NX were used for 3D modeling, CAM simulation and
manufacturability diagnosis, among which the DFMXpress module was used as a key
diagnostic tool. In addition, triangulation is also used as a verification strategy, combining
insights from expert interviews, literature research, and simulation feedback to enhance the
effectiveness of design decisions. This research not only identified structural bottlenecks
and material sensitivity, but also constructed a complete manufacturing process chain,
including tool requirements and processing time estimates. During this process, it aims to
provide meaningful suggestions for Improvement at the structural, material and process
levels, which can enhance the manufacturability of the equipment while maintaining or
even strengthening its functionality and electromagnetic integrity. Ultimately, this research

aims to provide a reusable and universal template for future RF device design projects,



enabling engineers to systematically bridge the gap between theoretical performance and

actual production constraints.

1.2 Research Background and Motivation

In the current technological environment, characterized by the rapid development of
millimeter-wave communication, satellite systems and high-precision radar applications,
expectations for radio frequency and microwave components are becoming increasingly
diverse. Nowadays, the design must simultaneously meet the requirements of
electromagnetic performance, mechanical robustness, miniaturization and production

scalability (Kakutani et al., 2020).

Cavity resonators are the fundamental components of many passive MW systems,
reflecting the tension between idealized design and real-world constraints. Factors such as
the cavity geometry, coupling scheme, material selection and surface finish not only
determine the resonant frequency and quality factor (Q), but also introduce manufacturing
tolerances that will greatly affect the system behavior. In practice, deviations caused by
non-ideal manufacturability often undermine theoretical performance, thereby prompting
the need for a new paradigm - in which manufacturability is not an afterthought but a core

design driving force.

Although the DFMA method has been proven successful in fields such as automotive
systems and consumer electronics, its systematic application in high-frequency microwave
devices is still rare. This is not due to theoretical incompatibility, but because these
components require unique and strict geometric and material constraints. As shown in
Figure 1.1, the complex internal characteristics of the RF cavity emphasize the necessity of
integrating high-precision processing strategies in the design stage( Free and Aitchison,

2022).



Figure 1.1 The inside of the resonator cavity

In this case, this study positions DFMA as an active design strategy rather than a passive
evaluation tool, guiding geometric shape formation, part division and material decision-
making from the very beginning. As shown in Figure 1.2, the cylindrical resonator is used
as the central design object and consists of interlocked structural components that require

iterative design verification and manufacturability analysis.

Figure 1.2 The model of the resonator



1.3 Research question design

In order to ensure the balance between the depth and breadth of research focus, the design
of research questions must take into account the "verifiability of specific objects" and "the"
extensibility of methodology ". Therefore, this study aims to answer the following

questions:

* How to apply DFMA method in the design of microwave high-frequency components to

improve their manufacturing adaptability and assembly efficiency?

* How should material selection, tolerance control and machining path planning be

integrated for geometrically complex and size-sensitive cavity structures?

* How can triangulation (literature, interviews, simulations) improve the reliability of

design decisions and manufacturing predictions?

* How do we identify and reconcile key design trade-offs between manufacturing

performance and electromagnetic performance?

Although these problems are mainly studied with specific structures, their solution paths,
tool systems and Improvement principles can be extrapolated, which can provide
methodological support for the mechanical structure design of other high-frequency

microwave components.

1.4 Research scope and limitation

In this study, a cylindrical cavity resonator composed of several sub-components
(waveguide, flange, cavity body, cover plate, tuning screw, etc.) is taken as the research
object, and the mechanical design and manufacturing feasibility analysis are only focused
on, without involving the specific simulation of its electromagnetic parameters (such as Q
value, return loss, etc.). Among them, standard parts (such as six stainless steel screws) are
considered as purchased parts and are not included in the DFMA analysis. Research tools
for SolidWorks modeling + DFMXpress manufacturability analysis + UG NX CAM

machining path simulation. Due to the limitation of experimental conditions, the research



results do not include physical processing and electrical properties measurement. All the

parts of the resonator are shown in Figure 1.3

Figure 1.3 All the parts of the resonator

1.5 Expected results and values

This study aims to construct a set of reusable DFMA analysis template, which is suitable
for RF device design tasks with precision structure, sensitive performance and machining

limitation. Its final results include:

3D structure modeling and manufacturability diagnosis for actual production;
» Component manufacturing chain, tool planning and man-hour estimation;

* Selection strategy of material-geometry-process three-dimensional coupling;

* Suggestions for structural simplification and assembly Improvement without sacrificing

performance;
* The systematic application case of triangulation verification in the RF field.

This study not only serves to solve the current task, but also provides a practical, iterable

and generalized engineering template for the introduction of DFMA in the design stage of



subsequent related topics such as frequency converters, power amplifier modules,

microwave filters.
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2 research methods

Based on the research objectives and scope determined in the previous chapter, this section
elaborates in detail the methods adopted to ensure scientific rigor and engineering
relevance. The combination of literature review, expert interviews and simulation-based
modeling is introduced, with the focus on triangulation as the verification strategy. The
following sections detail each methodological component and its role in supporting the

research logic.

2.1 Research framework and triangulation verification strategy

Under the background of the trend of microwave structure design towards UHF and
miniaturization, the traditional design-verification model is facing challenges. Especially
when metal cavity structure, waveguide interface and electromagnetic-thermal multi-
physical field coordination are involved, the single dimension research path is difficult to
deal with the coupling uncertainty between manufacturing feasibility and electrical
performance. Therefore, in order to build an analysis system with high engineering
reproducibility, this study introduces and deepens the theoretical and practical structure of
the Triangulation Methodology. Triangulation strategy is systematically described in

Section 2.1 and further applied in Section 3.4

This method originated from the cross-validation technology used to improve the
reliability of interview research in the social sciences, and was later widely adopted by the
fields of systems engineering, product development and user experience, and gradually
evolved into a multi-path data fusion and conclusion weighted decision model. In this

study, triangulation verification is defined as:

Literature research as the theoretical anchor, expert interview as the experience injection,
modeling simulation as the quantifiable test means, the three parallel development, in the
design judgment, material selection and structural improvement and other key nodes to

form a closed-loop support.
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The heterogeneity of the three paths is not only reflected in the data source, but also in the

information dimension:

* The literature provides a "consensus boundary";
 Experts provide "tacit knowledge";

 Simulation provides "quantitative feedback".

Quantified performance data, design validation, tolerance impact

Evaluates theoretical ideas and expert suggestions numerically

Simulation &
DFMA
Analysis

Validated Findings

Literature Expert
research Interview
Theoretical models, performance benchmarks, material properties Practical insights, material trade-offs, process planning experience
Validates simulation parameters and expert observations Challenges ideal assumptions with real-world constraints

Figure 2.1 Triangulation Diagram

As shown in Figure 2.1, this study adopts " Triangulation structure" to model the three-
path relationship, where each boundary is a cross-relationship between verification paths.
For example, if the simulation conclusion is inconsistent with the expert opinion, it is
necessary to backtrack whether the modeling parameters or processing assumptions are
unreasonable; However, if the conclusions of the literature are contradicted by simulation,
it is necessary to check whether the applicable frequency band, material type or processing

technology changes between generations.
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Through this mutual supervision and complementary structure, the research conclusions
not only have clear sources, but also have logical reproducibility, which is in line with the

basic principle of "Design Justification" in modern project management.

2.2 Methods of literature acquisition and evaluation

Literature research undertakes the dual tasks of "constructing knowledge map" and
"defining research boundary". Especially in the field of RF structure research, where
material selection, micro-machining strategy and DFMA implementation path are still
lacking unified standards, the literature is not only theoretical support, but also a reference

historical track of manufacturing logic. (Eskelinen et al., 2004)

In order to improve the breadth and depth of literature sampling, this study constructed a

five-step evaluation process, as shown in Figure 2.2:
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Select the database

Y

Keyword combination
design

Y

Intergenerational
standards of time and
technology

Y

Use the anti-search
mechanism

A

Extraction and
comparison of
technical parameters

Figure 2.2 The process of literature review

1. Database selection and multi-language crossing

Core databases: IEEE Xplore (Electronic devices), ScienceDirect (Manufacturing

Technology), Scopus (Interdisciplinary), SpringerLink (Materials Science)

Additional use: LUT Primo (internal University access Library), Baidu Academic (search

Chinese journals to capture manufacturing technology trends in China)
2. Keyword combination design

Using thematic nested Boolean logic, the structural dimension (cavity geometry, coupling
slot, flange design) is cross-combined with the method dimension (DFMA, tolerancing,

CAM simulation)

Avoid the topic ambiguity caused by single keyword search, such as "tuning screw" is

misidentified by some databases as a radio tuning circuit keyword
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3. Intergenerational standards of time and technology

Limit the literature to after 2019 to ensure that the cited technology is still applicable to the
current mainstream CAD/CAM environment (SolidWorks 2022+, UGNX 12+)

4. Use the anti-search mechanism

The selected literature is not only based on the number of downloads and the source of
publication, but also on the frequency of cross-referencing by industry literature as the

main retention criterion

Particular attention is given to designs that are repeatedly referenced in the development of
practical engineering prototypes (e.g., the four-step milling model for X-band cavity

machining)
5. Extraction of technical parameters and construction of comparison matrix

All material property parameters, tolerance recommendations, tool radius
recommendations, thermal expansion coefficient and Ra value extracted from the retained
literature are transcribed into the parameter comparison table for subsequent simulation

modeling reference.

In addition, the feasibility of the horizontal migration of DFMA strategy in other industries
(such as automotive and aerospace parts) is also discussed in the literature research, which
will be presented in contrast with the processability of cavity structures in the results

chapter. (Eskelinen, Eskelinen and Ylinen, 2013)

2.3 Expert interview design and analysis methods

In this study, expert interviews were used as the most direct and empirical way to capture
key design-related information, especially in areas where theoretical modeling alone
cannot generalize the subtle limitations of actual production. These interviews help clarify
the "empirical boundaries" of practical engineering, especially in terms of material

behavior, structural vulnerability and assembly sensitivity under manufacturing constraints
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- insights that can usually only be obtained through accumulated professional experience.

The entire process is shown in Figure 2.4.

Define interview
goals

A

Conduct the
interview

A

Transcribe and
organize data

A

Extract key
insights

Use for
triangulation
and validation

Figure 2.2 The process of expert interview

First of all, the problem design deliberately maintains minimalism and openness. The core

investigation proposed is:

What are the key factors to consider when choosing materials for high-frequency cavity

resonators?

This question is deliberately designed to activate an unfiltered flow of engineering
reasoning around the interaction between material properties, process limitations, and high-
frequency electrical behavior, without using predefined options to guide or limit the

expert's thought process.
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The expert's response contains rich hierarchical technical insights. For instance, he
emphasized the magnetic effects of structural materials that had not been fully discussed
originally and explained that the steel shell could significantly enhance magnetic field
control - an important consideration at microwave frequencies. He further outlined the
fundamental trade-off between electrical conductivity and processability: Although copper
has excellent electrical conductivity, it poses challenges in achieving a mirror-like surface
finish; On the contrary, aluminium exhibits equally favorable electrical conductivity, but

has proved to be almost unprocessable and has been compared to "just like chewing gum".

In addition to material properties, experts also discussed dimensional sensitivity: the
diameter of the resonator was determined as the size that determines the frequency, while
its length can tolerate greater variations. He also introduced advanced design features, such
as an internal shoulder ring on the cavity cover to enhance electrical sealing - insights that
were typically not included in early modeling. Importantly, experts clarify that the number
of cover plate screws at high frequencies is not determined by mechanical integrity, but by

the need to ensure electromagnetic continuity and thus maintain a closed electric field path.

The interview data is processed through a systematic workflow: complete recording —
sentence-level segmentation — topic classification — transformation into actionable

design logic. Each generated design point is marked with keywords (for example,

"magnetic control", "mirror-polishing difficulty", "slot-edge tolerance") to facilitate

traceability in the subsequent result chapters.

2.4 Modeling tools and DFMA analysis methods

As the engineering realization path of this research, modeling analysis is not only to
"generate models", but also to convert literature and experience into quantifiable design
components. The toolchain combination of SolidWorks 2023 + DFMXpress + SolidWorks
CAM + UG NX 12 is studied as follows:

Tool platform main function application point.
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SolidWorks 2023 Modeling, explosion diagrams, assembly analysis cavity, cover plate,

flange, waveguide, tuner full component structure modelling.

DFMXpress fast DFM diagnostic check can not process acute Angle, small slot radius,
hole depth ratio abnormal problems. SolidWorks CAM machining path modeling simulates
machining sequence, tool switching, and hole group processing. UG NX 12 Multi-axis
Path Simulation and time estimation Simulation reverse machining, multi-way slotting,

multi-step clamping methods and time cost estimation

In the simulation process, this study also introduced two independent modeling strategies,
"tool-feature match analysis" and "directional stage mapping". The detailed process and

illustration will be explained in Chapter 3.

Identify
design/manufacturing
constraints

|

Use DFMXpress for
complexity scoring

Optimize part
count and
assembly steps

Estimate cost
and production
time in CAM

|

Evaluate
process
alternatives

4
Adjust design for
simplicity and cost

A

Validate final configuration in
simulation

Figure 2.4 The process of Modeling tools and DFMA analysis

2.5 Data repeatability and process reliability

In order to achieve the "engineering level reproducibility” of the research results, the

following process control system was constructed in this study:
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» All CAD models are archived in STEP and SLDPRT formats, with dimensional

annotations;

e The DFM analysis results are embedded in the original model in the form of layer

annotation, which can reproduce each feedback problem;

e Machining path parameters are output in.CSV format, including spindle speed, tool

diameter, cutting depth, tool change point, etc.

» Expert interviews are archived with subject index files and original recordings;

* All data are presented in dual units (mm/inch) and indicated with ISO standard matching

values (such as the corresponding level defined in ISO 2768 for + 0.1mm);

* Each study result is accompanied by "validation path markers" : L (literature), E (expert),

S (simulation), which are marked at the back of the corresponding chart in the section.

The methodology platform constructed in this study not only has the carrying capacity of
the current research task, but also can be used as a template for subsequent DFMA analysis
of relevant RF structures, which can be popularized in education, engineering practice and

system development tasks.
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3 Results

Following the multi-path approach outlined in Chapter 2, this chapter presents the core
research results obtained from literature synthesis, extraction of expert insights, modeling
practices, and simulation verification. Each part reflects a stage in the DFMA-based
workflow, including the results, design implementation, and observations derived from

triangulation.

3.1 Main findings of literature research

Through a systematic review and comparison of 32 high-quality literature related to
microwave structure fabrication, DFMA strategy and material processability, the following
six highly generic engineering inspirations are extracted to form the literature basis for

cavity resonator structure design and manufacturability evaluation.

3.1.1 The effect of geometric constraints on the resonance performance is

nonlinear diffusion

Several studies have pointed out that the most sensitive geometric parameters in cavity
structure are not the overall size, but the curvature radius, edge sharpness and notch
boundary state of a specific region (Zhang et al., 2021). In particular, the contact point
between the iris coupling area and the tuner, whose shape is slightly skewed, may lead to a
sharp drop in Q value (Clark et al., 2017). If the traditional tolerance control method only
focuses on the full length and full diameter, it may miss the most critical configuration

details of the actual electromagnetic performance (Wong et al., 2016).

3.1.2 Manufacturing errors under high frequency conditions will be "amplified"

In the frequency band above 22 GHz, the skin effect is significantly enhanced, causing the
current to flow only within a few microns of the metal surface layer (Kakutani, T. et al.,

2020). At this time, any micro-scratches, uneven surface roughness, and cut grain residue
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caused by processing may become the source of performance degradation. Therefore, not
only the macro precision of the structure is required, but also the quality of the "processing

texture scale" level is controlled.

3.1.3 Material selection is limited by the triple interaction of "electric-heat-machine"

According to the analysis of Varshney (Varshneyet al. 2019), for high Q value devices
such as cavity resonators, materials must simultaneously meet three attributes: good
electrical conductivity (Clark, Shaw and Porch, 2017); Strong machinability; Good thermal
stability (Sharma et al., 2024). If any of these properties are weakened, the design will be
directly unmanufacturable or the long-term reliability will be reduced. Typical

comparisons are shown in Table 1 (Gasson, P. C. 2011) ( Marquedant, J. E. 2020):

Table 1, Comparison Table of Material Properties

Material Application | Electrical Machinability | Thermal Comments /
Candidate Conductivity | Rating (0— Stability Suitability
Part(s) (MS/m) 100) (Max
Temp, °C)
316L Cavity body | 1.35 60 >800 Excellent
Stainless (selected) mechanical
Steel stability and
weldability;
poor
conductivity;

coating required

C10100 Waveguide | 58.6 20-30 400-500 Extremely high
Copper (selected) conductivity;
(OFE) difficult to

machine; used

in critical RF

zones
C36000 Cover plate, | 15.2 100 450 Moderate
Brass (Free- | tuning conductivity;
Cutting) screw, excellent

machinability;




flanges ideal for
(selected) threaded/contact
parts
C11000 Cavity body | 58.0 25 400 High
Copper (rejected) conductivity but
(ETP) poor surface
finish; prone to
tool adhesion
Aluminum Cavity body | 34.5 65 300 Excellent
1050 (rejected) conductivity but
very soft;
difficult for
precision
machining
Aluminum General RF 35.0 80 315 Good
6061-T6 enclosures machinability
(rejected) and lightweight;
insufficient
conductivity for
high-Q cavities
C46400 Flanges (not | 15.1 80 450 Stronger than
Naval Brass | selected) C36000 but less
machinable; not
necessary at
small scale
Gold Internal RF 45.0 (thin — >200 Low contact
Coating surface film) resistance;
(post- enhancement expensive; used
process) only as surface
layer
Silver Alternative 63.0 (thin — >200 Highest
Coating to gold film) conductivity of
(post- coating all metals;
process) prone to tarnish;

affordable

alternative

22
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3.1.4 The deviation between manufacturability software analysis results and actual

measurement often exists

Several evaluation studies on software such as DFMXpress and VERICUT have shown
that existing automatic manufacturability judgment tools often have "missing alarms",
"false alarms" and "over-conservative" situations when dealing with small holes, deep slots
and multi-directional clamping structures (Wang et al., 2022). Therefore, it must be
supplemented by experience judgment and simulation verification, and can not take the

software conclusion as the only design basis.

3.1.5 The assembly Improvement path of small batch high-frequency devices is still

lacking standards

It is generally mentioned in the literature that there is a lack of evaluation systems for
assembly difficulty, alignment tolerance and electrical contact stability for small cavity
components (such as the structure in this study). At present, it mainly relies on empirical
rules, such as "preloading force can not affect the verticality of the end face", "the contact
surface of the conductive ring should be chamfered to prevent the edge", and so on, and

has not yet formed a programmable assembly design module.

3.1.6 DFMA is still at the stage of method transplantation in microwave structure

At present, the application of DFMA is mainly in electronic assembly and automobile
structure, and the adaptation of microwave structure is still a few. The difficulties are as
follows: (1) Most of the microwave structures are "function definition oriented" design,
which does not have the characteristics of modular assembly; The high frequency
performance is highly sensitive to detail, making the traditional "structure simplification"
goal not always applicable. Therefore, DFMA of microwave devices needs to develop a

new rule framework of function-structure-processing ternary chimerism.
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Based on the above literature, it is found that this study identified several potential
sensitive points and took them as the key areas of simulation and structural design
concerns to support the rationality of subsequent material selection and structural

Improvement logic.

3.2 Summary of Expert Interviews

To bridge the gap between theoretical analysis that is typically absent in the literature and
real-world constraints, this study conducted a semi-structured interview with a senior
engineering expert who has over 15 years of practical experience in the prototyping of
microwave cavity structures. The focus of this meeting is to deeply explore the key
material selection criteria for high-frequency cavity resonators. Five key technical insights

were derived from the dialogue, which reshaped the design thinking of this study:

3.2.1 The internal geometric structure, rather than the external form, determines the

electromagnetic performance

This expert emphasized the cognitive bias that is prevalent among novice designers:
disproportionately focusing on external features such as interface layout and mechanical
contours, while neglecting the more important role of inner surface quality. According to
his opinion, the accuracy, uniformity and mirror-like smoothness of the inner cavity wall
directly affect the resonant center frequency and Q factor. Therefore, in modeling, the
internal electromagnetic domain of the cavity must be regarded as the main reference
geometry. Local cross-sectional analysis and manufacturability simulation should be used

to pre-identify early risk points, especially around corners and edge transitions.

3.2.2 The combination of structural materials must coordinate magnetic and

electrical properties

The commonly observed material pairing of copper waveguides and steel cylindrical
housings is not, as is usually assumed, a cost-driven or strength-oriented compromise. On

the contrary, it embodies a deliberate material logic based on on-site control strategies.
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Copper is paramagnetic and lacks magnetic shielding ability. Steel, as a ferromagnetic
material, introduces a favorable magnetic boundary effect. This juxtaposition of
components reflects the radio frequency engineering theory of "material as function", in

which each structural layer plays a different electromagnetic role in the composite system.

3.2.3 Conductivity and processability rarely coexist; Surface treatment is

indispensable

A persistent contradiction in RF design is the inverse relationship between electrical
conductivity and processability. Although high-purity copper (such as C10100) has
unparalleled electrical conductivity, it has serious processing drawbacks, such as tool
adhesion, burr formation and local edge fragmentation, making it unsuitable for achieving
ultra-smooth reflective surfaces. Experts suggest that secondary surface treatment
(especially silver plating or gold plating) be carried out as a mandatory step to restore the
target surface quality. On the contrary, although aluminium has an attractive electrical
conductivity on paper, its mechanical performance in a micro-milling environment is like
"chewing gum" : structurally unstable, non-threaded and prone to collapse. It is regarded as

absolutely impractical to use it as a cavity material.

3.2.4 Electromagnetic seals replace mechanical fastening in high-frequency

components

Designers often wrongly attribute the functions of screws and joints to purely structural
roles, while neglecting their electrical sealing functions. At 22.7 GHz, experts emphasize
that the number and placement of screws must ensure continuous peripheral conduction to
maintain electromagnetic integrity. Mechanical torque or joint strength becomes a
secondary factor. For this reason, he proposed adding an internal conductive shoulder
(contact ring) beneath the cavity cover to improve the circumferal seal - a detail that

proved crucial under the requirements of ultra-high frequency operation.
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3.2.5 The tuning screw only provides fine-tuning; The diameter of the cavity

determines resonance

The final clarification involves the role of the tuning mechanism. The expert cautioned
against over-reliance on tuning screws and pointed out that their effect is usually limited to
+ MHz, which constitutes only a very small correction range at 22.7 GHz. The main
determinant of the resonant frequency is the inner diameter of the cavity, rather than its
axial length. Therefore, the processing tolerances should reflect this difference: strict

diameter tolerances and relatively loose height specifications.

3.3 Results of structural Modeling and manufacturability verification

3.3.1 Part structure design and material selection

To ensure reliable electromagnetic performance at 22.7 GHz, the structural design of each
component is guided by two parallel goals: (1) maximizing conductivity to suppress
transmission loss, and (2) ensuring high processability to support batch manufacturing

efficiency (Rodriguez et al., 2022).
Cavity resonator

Geometric features: The cavity is composed of a cylindrical shell with an outer diameter of
approximately 21 millimeters (0.827 inches), a total height of 16 millimeters (0.630
inches), and an inner cavity depth of 12 millimeters (0.472 inches). The rectangular iris
coupling grooves are symmetrically distributed on the two side walls, while the through
holes are located at the bottom to accommodate the waveguide welding (Carter, Feng and
Becker, 2007). Material selection: 316L stainless steel was chosen due to its outstanding
rigidity, thermal stability and mild magnetic responsiveness, supporting field strength
constraints. Although its inherent conductivity is not ideal, silver or gold plating on the

inner surface can alleviate this drawback. Manufacturing instructions: CNC milling is
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selected for overall forming, followed by fine machining and mirror polishing of the inner

cavity (Ra < 0.8 um) to maintain the stability of the Q factor.
Waveguide interface (WR42 standard)

Function: The WR42 rectangular waveguide serves as the RF energy inlet/outlet path, with
a frequency range of 18-26.5 GHz, and must be vertically connected to the aperture slot.
Material selection: C10100 high-conductivity copper was chosen because of its low
insertion loss and the fidelity of the target frequency band. Connection: The waveguide and
cavity are welded by the annular joint method. Given the significant difference in the

coefficient of thermal expansion between copper (o = 16.5 um/m-K) and steel (a0 = 10.4
um/m-K), matching filler materials and controlled thermal cycling are crucial for

minimizing post-weld stress concentration. Manufacturing method: Due to the complex
rectangular features and sharp internal geometry, wire cutting (WEDM) is selected to

ensure high-precision and non-deformable cutting without generating mechanical stress.
Flange assembly (UG-595/U standard)

The standard circular flange features four symmetrical circular holes and a central channel,
designed to be compatible with the commercial WR42 system interface. Material selection:
C36000 free-cutting brass is used due to its excellent machinability, thread performance
and moderate thermal stability. Assembly accuracy: The alignment between the flange
locating pin and the waveguide hole is controlled within the tolerance range of ISO 2768-f

to ensure coaxiality during high-frequency operation.
Cover plate and tuning screw assembly

The design of the tuning mechanism on the resonator is as follows: The cover plate
includes a threaded hole located at the center, and the tuning screw and lock nut are
inserted along the vertical axis of the resonator. All components are made of C36000 brass
to ensure machinability and stability. The tuning screw with an axial diameter of 3.30 mm
(0.130 inches) and a length of 12.7 mm (0.50 inches) adopts the #4-72 UNF-2A thread,
while the embedded nut uses the corresponding #4-72 UNF-2B internal thread. Surface
treatment: The metallic luster of the tuning screw strongly suggests gold plating, which
will enhance the surface conductivity and reduce the RF contact resistance. Cover fixation:

The six stainless steel screws symmetrically distributed on the periphery maintain uniform
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compression, which is a necessary condition for the continuity of the electric field at

millimeter-wave frequencies.

3.3.2 Processing path planning and simulation verification

To ensure high-fidelity manufacturing under strict surface quality and dimensional
tolerance constraints, a dual-platform strategy was adopted: SolidWorks CAM was used
for the generation of the initial tool path, and UG NX was used for multi-axis CNC
simulation and verification. The processing workflow of each part is developed to
minimize tool interference, simplify clamping strategies and comply with directional

manufacturability limitations.
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Figure 3.1 The processing steps and time consumption of cavity

The cavity is machined from 316L stainless steel and follows a multi-level CNC sequence,
as shown in Figure 3.1. The iris groove and inner cavity were profiled using a 3 mm flat-
end milling cutter. All inner corners were rounded to R3 to avoid uncut sharp edges. The
outer diameter of the cavity is set at 26.00 millimeters (1.024 inches), and the total height
is 16.00 millimeters (0.630 inches). A key design strategy is to introduce a height of 0.25
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millimeters (0.010 inches) above the nominal cavity height. These allowances are retained
during the initial processing and removed after welding to restore a uniform and flat top
surface, thereby improving the sealing contact with the cover. The through hole at the
bottom of the cavity (designed for receiving waveguides) is simulated using reverse

clamping to eliminate the risk of tool collision.

in UG NX, the mirror-polished inner surface is achieved as a post-processing constraint,
with the target roughness ranging from Ra 3.2 um (125 pin), which is recorded in the
processing instructions for the operator's reference. To maintain the metallurgical surface
quality required for radiofrequency compatible welding, the welding area is clearly
excluded from the rough machining channel to ensure a smooth and oxide-free surface for

subsequent bonding.

The waveguide block made of C10100 copper was initially milled to the WR42 envelope
size and then precisely machined using wire electrical discharge machining (WEDM), as
shown in Figure 3.2. This method offers outstanding edge accuracy and zero tool pressure,
making it an ideal choice for defining thin iris walls and rectangular groove transitions.
The entire component can be fully processed from a single direction without the need for
reorientation and to reduce cumulative positioning errors (Wen et al., 2023)(Pons-Abenza

et al., 2024).
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Figure 3.2 The processing steps and time consumption of waveguide

For the flanges and cover plates as shown in Figures 3.3 and 3.4, the standard drilling and
threading processing procedures were carried out using the ISO M2.5 tool library, and the
thread depth was controlled within +£0.05 millimeters (+0.002 inches). The center hole on
the cover plate has been chamfered to prevent the tool from moving when installing the

adjusting screw. In addition, the internal conductive ring is milled with a 2 mm ball-end



mill, featuring a constant downward travel tool to maintain the integrity of the radial

profile.
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Figure 3.3 The processing steps and time consumption of Flanges
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Figure 3.4 The processing steps and time consumption of cover plate
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As shown in Figures 3.5 to 3.6, special attention is required due to the role of the tuning
screw in resonance fine-tuning. #4-72 UNF-2A external thread has a fine pitch and a small

diameter (shaft = 3.30 mm /0.130 inches), and is simulated using helical interpolation and

single-point turning. A "finely machined protective layer" profile was applied to maintain
pitch uniformity and prevent root edge fragmentation - a common defect in small-pitch
brass threads. Although the matching #4-72 UNF-2B brass lock nut is a standard
component, its installation is simulated to verify axial alignment and contact uniformity
under preload. The misalignment of this high-frequency interface will lead to impedance

discontinuity and performance degradation.

UG NX simulation confirms that all tool paths comply with the ISO machining
executability standard. No five-axis operation is required; Each component can be

manufactured under the three-axis constraints of two or two planes. The tool switching and



clamping sequences are fully programmed to ensure that there are no tool retraction

anomalies or interference conflicts throughout the entire processing sequence.
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Figure 3.5 The processing steps and time consumption of tuning screw
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Figure 3.6 The processing steps and time consumption of lock nut

3.3.3 Chain and Step Decomposition in the structural processing stage

After the hierarchical assembly of the resonator and its SolidWorks modeling logic, a

complete process chain was developed to reflect the operation sequence and functional

32



33

priority. Each step in the chain not only contributes to geometric realization, but also to
electromagnetic reliability and dimensional accuracy. All processing steps were verified

through UG NX simulation to ensure manufacturability and directional feasibility.

The first stage begins with cavity preprocessing and the definition of core geometry. Select
a 316L stainless steel cylindrical rod as the base oil, with a rough diameter of 26.00 mm
(1.024 inches) and a length slightly higher than 16.25 mm (0.640 inches) - intentionally
including the 0.25 mm remaining part that will be removed later. CNC contour machining
created an inner cavity with a nominal depth of 12.00 mm (0.472 inches), and applied R3.8
(0.15 in) relief to all slot connections. The final surface finish was simulated as mirror

polishing with Ra < 0.8 um (32 pin) to maintain the Q factor performance.

In the second stage, the C10100 copper block is used to form the waveguide. These were
initially milled to approximate the contour dimensions of WR42, and then WEDM slot
cutting was performed to define the coupling window and channel features. The internal
waveguide geometry conforms to the WR42 specification, and the processing accuracy is

better than =10 pm (+0.0004 in).

The flange problem was solved in the third stage. The processing follows the SolidWorks
template-based hole positioning and tapping module, with four standard mounting holes
and a central waveguide port drilled in the C36000 brass blank. Control the thread
characteristics of coaxial alignment and positioning in accordance with the GD&T

standard in accordance with ASME Y 14.5.

The fourth stage involves completing the tuning and assembly. The center hole of the lid
uses #4-72 UNF-2B thread, and a concave ring is cut to improve surface contact and radio
frequency continuity. Special attention should be paid to ensuring that the mating threads
of the tuning screw and the lock nut exhibit minimal backlash and concentric shaft

meshing.

In the fifth stage, pre-assembly inspection and dry assembly ensure mechanical
compatibility before permanent connection. Each part was spatially verified using
SolidWorks' assembly constraint analysis, and then the thread consistency, waveguide to

cavity iris alignment, flange coplanarity and screw fit tightness were verified. The top
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surface of the lid (which flattened in the post-welding stage) was confirmed to be flush,

without tilting or warping, thus maintaining the integrity of the electric field seal.

Finally, the sixth stage is for preparing components for welding and post-processing. As
described in Section 3.3.5, this includes the polishing of mating surfaces, the application of
flux and fixture alignment to counteract thermal deformation. Each component in the
structure is indexed in the SolidWorks feature tree and linked through assembly
dependencies, thereby providing process transparency and downstream integration for

manufacturing and QA personnel.

3.3.4 SolidWorks DFM Analysis and Model Export Results

After completing the geometric modeling in SolidWorks, each mechanical component was
diagnosed for manufacturability in detail using the DFMXpress module. This analysis
identified potential violations of standard machining constraints, such as tool accessibility,
minimum corner radius, and thread tolerance violations. As shown in Figure 3.7, a key
feedback involves a cylindrical cavity, which is marked due to its deep flat-bottomed
geometry - a shape that is typically not suitable for traditional end mills due to tool length
limitations and interference risks. Although the software suggested adjusting the cavity
depth or gradually thinning the base, such modifications were flatly rejected because the
internal dimensions were directly related to the electromagnetic resonance behavior at 22.7

GHz. This reflects a typical DFMA conflict in microwave design: performance geometry
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cannot always give way to manufacturing convenience, and tool path constraints must be

negotiated through advanced machining strategies rather than sacrificing functional forms.
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Figure 3.7 The DFM analysis results of cavity inside
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SDEYXpress

Figure 3.8 The DFM analysis results of cavity corner

The second recurrent diagnosis involves a sharp rectangular transition within the iris
trough region, as shown in Figure 3.8. DFMXpress has marked multiple "Tools cannot
enter Sharp corners" warnings, which have been resolved by replacing 90-degree corners
with R3.8 (0.15in) floating pressure fillet corners. This adaptation not only meets the
feasibility of processing but also reduces the current congestion risk, thereby potentially
enhancing the high-frequency conduction around discontinuities. Meanwhile, the thread
processing function (especially the thread processing function involving the #4-72 UNF

fine-pitch tuner screw) was confirmed to meet the standard tap depth requirements. The
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manufacturability was verified by simulating single-channel tapping at a controlled cutting

depth in UG NX to ensure that no over-cutting or root deformation occurred.
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Figure3.9 The DFM analysis results of tuning screw
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Figure 3.10 The DFM analysis results of Flanges
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Figure 3.13 The DFM analysis results of cover plate

As shown in Figure 3.9, the tuning screw was diagnosed by DFMXpress. As shown in
Figures 3.10 to 3.13, the remaining components have a simple structure and a relatively

low processing difficulty, so no analysis of DFM is conducted.

The export stage integrates the design intent model and its manufacturing documents. For
each part, SolidWorks uses inch-based units as the main dimensioning system to generate
complete three-view technical drawings. All the tolerance marks that previously consigned
to ISO 2768-FH have been revised in accordance with the ASME Y14.5 standard to ensure
compatibility with the production systems of North American suppliers and subcontractors.
Key dimensions (such as inner cavity diameter, flange hole position and thread depth) are
annotated using Geometric Dimensions and Tolerances (GD&T) symbols to define the
allowable deviations of shape and position. Create an explosion view to clarify the
assembly sequence, and embed DFM annotations in the sketch to highlight key features or
warning areas. These annotations not only serve as visual AIDS but also act as a tacit

communication between designers and mechanics, reducing the ambiguity of explanations.

In addition, each assembly model is configured to automatically generate material usage
summaries and bill of materials (BOM), which can be directly integrated into the
procurement workflow or cost estimation routines. Therefore, the total output goes beyond

the scope of the document and becomes a digitally transferable manufacturing mode,
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embedding the design logic into each data layer from CAD to the workshop. This seamless
transition from the model to the manufacturable entity embodies the DFMA principle of
integrated executable design and is particularly important in precision RF systems where
dimensional fidelity, manufacturing repeatability and performance stability are closely

integrated.

3.3.5 Technical Guidelines for Welding and Post-treatment

In the structural topology of resonators, welding is not only a mechanical connection
process but also a driving factor for electrical continuity and magnetic field containment.
The design requirements of the cavity-waveguide interface stipulate that the welding
operation must simultaneously meet three technical goals: maintaining an uninterrupted RF
current path across the interface, maintaining dimensional integrity under local thermal
stress to avoid frequency drift, and ensuring the overall mechanical sealing and airtightness

of the resonator housing.

To meet these goals, we strategically selected the position of the welded joint to avoid the
sensitive coupling area near the iris groove. On the contrary, the smooth cylindrical surface
adjacent to the shoulder of the cavity is designated as the recommended welding site.
These regions provide sufficient surface area and thermal mass for bonding without
affecting the symmetry of the resonant volume or the field uniformity. Before welding, all
mating surfaces were polished to a surface roughness of less than 0.8 pm (0.0003 in), and a
multi-stage cleaning scheme including solvent rinsing and micro-abrasive brushing was
used to remove the oxide layer and particle residues. A flux formulation compatible with
copper-steel bonding and suitable for RF applications was applied to prevent boundary

oxidation during the thermal cycling process.

For the connection, vacuum brazing and precisely controlled laser welding have been
identified as the preferred methods, depending on the batch size and equipment
availability. Vacuum brazing can achieve uniform heat distribution and oxide-free bonding
in an inert atmosphere, making it an ideal choice for multi-unit manufacturing. In contrast,

laser welding offers excellent control over local energy input, which is conducive to
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minimizing the heat-affected zone during prototype or small-batch operation. No matter
which method is adopted, the heat input is strictly controlled below 600°C to prevent the
degradation of metallurgical bonding between different materials, especially at the copper-

steel interface, where thermal expansion mismatch may cause residual stress.

Post-weld treatment goes beyond visual or dimensional finishing. All electrical functional
surfaces (including inner cavity walls, waveguide slots and tuning interfaces) are
electroplated with silver or gold, with a minimum layer thickness of 2-5 um, depending on
the function of the part. Although high uniformity is required inside the cavity to minimize
surface current loss, as long as the thread meshing and axial symmetry are not affected, a
smaller coating tolerance (up to 0.2mm) is allowed in the tuning screw area. In particular,
depending on its appearance and functional role, the surface of the tuning screw may be
gold-plated, as the increased surface conductivity at high frequencies enhances contact

reliability and reduces impedance disturbances caused by inconsistent micro-gaps.

Additional finishing was carried out on the cover plate interface. It is recommended to
perform mirror brushing treatment to enhance the planar contact during the screw fastening
process. At the joint between the flange and the housing, the possibility of embedding a
preformed RF sealing ring was considered as a passive suppression mechanism to prevent
parasitic radiation leakage. This final boundary enhancement helps to improve system-
level shielding performance, especially in environments where adjacent devices may

introduce near-field coupling effects.

In conclusion, the welding and post-processing strategy is constructed as a continuation of
the DFMA principle: recognizing that electromagnetic performance is not a secondary
outcome of geometric design, but a positive product of manufacturing accuracy, material

handling, and interface quality.

3.4 Observations based on triangulation verification

After completing material selection, structural modeling, manufacturability analysis and

process path verification, this study, based on the triangulation verification strategy,



42

retraces the key design nodes, identifies the commonalities, differences and
complementarities of the three research paths in cognitive structure, and thus extracts the

design judgment and method inspiration with universal engineering guidance significance.

3.4.1 Three-path intersection observation: Supporting effect of consistency

verification

First of all, in the following key judgments, the three information paths present a high
degree of consistency, which constitutes the stable supporting axis of engineering

judgment:

Engineering problem literature conclusion Expert feedback simulation feedback
observation summary. The main control size and diameter of the cavity structure have the
greatest influence (Q value and f0). The length is variable, and the diameter needs to be
controlled. High-frequency fine tuning cannot replace the diameter control. The internal
Angle of the cavity should avoid sharp Angle — Q value loss CNC can not be machined
sharp Angle area simulation path failure Three parties agree that the design should be

rounded (R> tool radius).

Processability of copper difficult to process but the best electrical conductivity "like
chewed gum", surface difference knife path there is a risk of breakage Copper needs to be
electroplated or used only for electrical critical parts. It is recommended to have more than
6 sealing screws to ensure that the simulation of small sealing screws can meet the
compression conditions. The high frequency sealing can not be sacrificed for assembly

simplification (Sharma et al., 2024)( Wen et al., 2023).

What these conclusions have in common is that the reasons presented by each type of path
are different, but the final recommendation is the same. This enables the design strategy to

have confidence support at different stages, and does not rely on a single source judgment

(Shepard et al., 1983).
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3.4.2 Information divergence area: Empirical knowledge makes up for simulation

deficiencies

On some issues, there are inconsistencies between expert experience or literature
conclusions and simulation model feedback. This "data tension" instead reveals the blind

spots that model approaches face in extreme design.
Waveguide - cavity welding position

DFM tools do not pose a risk to the welding process; Experts pointed out that if the
welding point is too close to the notch, the thermal stress will affect the deformation; The
process is adjusted to "After notch machining — Heat treatment shaping — Welded

waveguide".

These phenomena suggest that simulation has a boundary and experience cannot be absent;
Literature is sometimes out of date, and experts supplement it as necessary; Although the

tool is fast, the verification is more stable.

3.4.3 Observation of the universality of the method: the three-path modeling can be

replicated and popularized

Although the triangulation verification method in this study serves a specific type of
structure, its essence has good engineering mobility. In particular, direct migration is

possible in the following three types of microwave component design:

1. Passive devices with cavity structure (such as microwave filters, power dividers)

— Cavity tolerances and tuning mechanism logic are similar to those in this study

2. Frequency sensitive structural components (such as VCO cavity)

— High frequency package design, material selection method is consistent

3. Multi-material welding components (such as frequency conversion module housing)

— Thermal expansion coefficient control and welding position avoidance can be directly

used in this research strategy
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This also validates one of the objectives of the instructor: "not only to serve the current
project, but also to establish an engineering template for the future design of relevant

structures."

3.4.4 Overall methodology evaluation

Method path advantage limits remedial strategy

The literature research has multiple perspectives, and the data is easily affected by the
publication age/technology generation. The expert interview has deep experience, strong
sense of reality, small sample and strong subjective color. The simulation and literature
results are cross-verified. Modeling simulation data quantification, visualization strong
neglect of machining errors and material abnormal behavior into the actual error

coefficient & a variety of material parameters library.

To sum up, the first method structure of "three-dimensional path linkage verification"
adopted in this study has theoretical soldness, empirical inclusiveness and engineering
executability, and provides an extensible paradigm for DFMA research of high-frequency

devices.
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4 Discussion

Following the main results introduced in the previous chapter, this section turns to a more
in-depth interpretation and critical reflection of the research findings. This discussion links
the current research with previous literature, assesses the reliability of the conclusion, and
determines the possibility of future research. These reflections aim to assess the broader

engineering significance and universality of the research.

4.1 Key Findings and core conclusions

Through systematic analysis of the structure of the iris coupled 22.7GHz cylindrical cavity
resonator, this study has obtained several key conclusions in four dimensions of material
selection, structural modeling, DFMA evaluation and process link diameter design. These
findings not only solve the problem of actual manufacturing feasibility in this topic, but
also solve the problem of manufacturing feasibility. Some internal laws of the fusion trend
of high-frequency mechanical structure design and manufacturing are also mapped. The
results show that the cavity diameter is the primary geometric control parameter affecting
the resonant frequency, and its sensitivity is much higher than that of the length dimension.
The role of the tuner in frequency fine-tuning is relatively limited, and this structure
control relationship should be established at the early stage of design and throughout the
whole modeling process. At the same time, this study successfully improved the design
path of high frequency sealing by introducing a symmetrical distribution structure of
conducting shoulder ring and multiple screws, ensuring stable electric field continuity

without increasing structural complexity.

In the selection of materials, although C10100 copper has excellent conductivity, its
processability and structural rigidity problems are difficult to avoid, especially in the
micro-feature processing stage shows serious tool adhesion and edge breakage tendency.
The 316L stainless steel used in this study as the main material of the cavity, while
maintaining good structural stability, combined with silver plating treatment, effectively

compensated its electrical performance disadvantage, demonstrating the composite



46

material selection strategy of "structural performance leading + surface electrical
correction" in high-frequency structures. In addition, under the collaborative action of
CAM simulation and DFM analysis module, the research accurately identified and
corrected the typical manufacturing difficulties such as sharp Angle unmachinable, small
thread easy to slip wire, and realized the feedforward fusion of design and manufacturing
information, forming a modeling and verification closed-loop with guiding significance of

engineering practice.

4.2 Connection and comparison with previous studies

After reviewing the mechanical structure design of high-frequency devices involved in
previous studies, the uniqueness and systematization of this study are particularly
prominent (Campi et al., 2022). Compared with the above research, the resonant frequency
band processed in this study is higher, the structural geometry is more compact, and the
manufacturing error is more sensitive, so the requirements for modeling accuracy,

assembly strategy and heat treatment process are significantly improved (Eskelinen et al.,

2013).

The important innovation of this study is that for the first time, the triangulation
verification method is explicitly adopted in the design process of high-frequency resonant
structures, and it runs through every design decision node from model establishment,
material selection to manufacturing simulation, which not only improves the accuracy of
judgment, but also ensures that the structural scheme has sufficient engineering
verifiability. In addition, this study proposed a number of novel structural strategies in
welding hot zone arrangement, electrical contact path strengthening and multi-direction
clamping sequence control, etc. These schemes not only solved the special manufacturing
requirements of this structure, but also could be extrated to the DFMA path construction of

other high-frequency devices, with significant extensibility.
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4.3 Reliability evaluation of results

In order to comprehensively evaluate the robustness and reproducibility of the key
conclusions of this study, a six-dimension methodological evaluation framework was
constructed according to the tutor's suggestion, covering core elements such as validity,
reliability, sensitivity, mathematical error processing ability, accuracy and topic saturation.
And combined with three main research paths (literature analysis, expert interview,
modeling and simulation) to carry out qualitative comparison and analysis. It can be seen
from the evaluation results that the literature path provides solid theoretical support and
parameter suggestions, especially in the aspects of DFMA principle, tolerance control
standards and material property data, showing strong effectiveness and accuracy. However,
due to the limitation of keyword setting and publication year filtering, some specific
geometric problems or micro-assembly risks cannot be fully covered, showing the

characteristics of "wide but not deep" information structure.

In contrast, the expert interviews provided very realistic structural experience and
assembly recommendations, especially in the small screw arrangement, electrical sealing
retention and structural thermal deformation coping strategies, revealing hidden risks that
could not be revealed by models and literature. Although its content is subjective, the risk
of deviation has been greatly mitigated by the mutual mapping between the simulation path
and the literature consensus. In terms of modeling and simulation path, this study
combined SolidWorks and UG NX platforms to build a complete process link path and
processing direction labeling model. The output tool path, processing time and
manufacturing diagnosis results have good quantification and reusability, and all output
data have been path mapped with expert suggestions and theoretical models. Form a
closed-loop verification system. The cross-validation of the three paths not only enhances
the reliability of each judgment point, but also effectively improves the structural strength
of the research method, forming a general verification model that can be applied to more

complex structural design problems. As shown in Figure 4.1.
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DFMA geometric models. |critical features. | outputs. traceable. and verifiable.

Triangulation
Cross-validation increases Integrating all
across three methods|confidence by methods improves  |Error is minimized

Accuracy enhanced by
mutual reinforcement of
conclusions from all sources.

Figure 4.1: Comparison table of triangulation verification paths under six reliability

dimensions

4.4 Suggested directions for future research
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Although this study has made some achievements in the construction of manufacturability

path of high-frequency cavity structures, there are still some blank areas to be explored in

the process of in-depth discussion, which points out the direction for future related

research. First of all, in terms of electromagnetic performance, this study mainly focused

on mechanical structure and manufacturing logic, and failed to further explore the impact

of structural deviation on Q value and return loss by combining full wave simulation tools

such as HFSS. It is suggested that future studies should conduct parametric coupling of

electrical performance simulation and structural manufacturing error to build a

performance sensitivity analysis model.

Secondly, although this study put forward suggestions on the composite use of materials

and the surface treatment of silver plating, it failed to carry out actual surface roughness

measurement and coating uniformity analysis. It is suggested that atomic force microscopy

(AFM) or scanning electron microscopy (SEM) can be introduced in subsequent studies to

conduct microscopic analysis of the interface of different material combinations (Sushil et

al. 2025), so as to build a coupling model between "structure-coating - electrical
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properties". In addition, the current manufacturing path design is based on the logic of
small-batch processing, which may face problems such as complex assembly process,
rapid tool loss and frequent process switching during mass production conversion. It is
suggested that future studies introduce large-scale manufacturing Improvement models to
build manufacturing reliability statistical models and error probability distribution curves,

so as to evaluate the adaptability of structural design under different production scenarios.

Finally, the design of welding strategy in this study remained at the empirical level, failing
to introduce multi-physical field simulation to simulate the influence of welding hot zone
on structural accuracy and material structure changes. In the future, it is proposed to
combine the finite element heat conduction model to dynamically predict the stress
distribution and deformation trend in the welding zone. At the same time, we can also try
to introduce artificial intelligence and database matching mechanism to associate historical
structure with known process data, realize intelligent recommendation of processing path,
material selection and structure Improvement, and further improve the automation and

intelligence level of DFMA process.

4.5 Generalizable results

Although the main objective of this study is a 22.7 GHz cylindrical cavity resonator, the
analytical framework, method path and key findings developed in this paper indicate
obvious potential for generalization to a broader category of high-frequency microwave
components. In particular, when the design method based on DFMA is combined with
triangular verification, reusable templates suitable for components such as dielectric

resonator oscillators (DRO), waveguide filters, and mixer modules can be formed.

The shared structural and methodological commonalities among RF devices make
generalization possible: geometric sensitivity, strict material limitations, and the challenge
of aligning functional performance with manufacturing feasibility. The triangulation
strategy (simulation - literature - expert feedback) maintains robustness in various
scenarios, providing a balanced mechanism to verify design hypotheses, compensate for

model limitations, and capture edge case risks.
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However, the extrapolation of the result must be constrained by several assumptions. First
of all, the components must exhibit geometric characteristics within the field of 3-axis
machining or modular assembly. Secondly, the interaction of materials must be within the
working range of the test configuration. Thirdly, the scale of characteristic tolerances

should be comparable to the scale discussed in this study.

Despite these boundaries, the core logic of this study - integrating manufacturability into
the earliest design stages through DFMA and empirical triangulation - can be regarded as a
universal approach to high-frequency mechanical design. It provides a transferable,
iterative and verifiable anchoring strategy, suitable for academic and industrial design

environments.
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5 Summary

In this paper, the design and manufacture of 22.7 GHz iris coupled cylindrical cavity
resonator based on DFMA are analyzed. The research is guided by a core goal: to develop
a manufacturing-feasibility oriented design paradigm for high frequency RF mechanical
structures. This is achieved through the integration of 3D modeling in SolidWorks,
manufacturability assessment through DFMXpress, machining simulation using UG NX,

and practical insights gained through expert interviews.

Use triangulation research methods (combined with literature reviews, expertise, and
simulation data) to enhance the reliability and engineering credibility of research results.
This three-path strategy not only achieves theoretical soundness and empirical basis, but
also realizes the transformation of abstract design decisions into quantifiable

manufacturing actions.

The results show that the manufacturability of high-frequency resonators cannot be
guaranteed by geometric Improvement alone. Instead, it must consider the interplay
between material selection logic, assembly constraints, surface treatment, welding path
design, and machining accessibility. A key structural insight is that cavity diameter plays a
dominant role in tuning performance, while tuning screws have little effect. This

observation informs the prioritization of structural benchmarks early in the design process.

In addition, the implementation of design improvements has proven effective in ensuring
consistent RF sealing and assembly reliability. These improvements, along with a detailed
manufacturing stage chain covering everything from material preparation to post-
processing, demonstrate the practical feasibility of the proposed DFMA workflow in a

high-frequency environment.

At the methodological level, triangulation strategies have proven to be very robust in
integrating various data sources, correcting cognitive biases, and supporting design
decisions under uncertainty. The ability to cross-validate results across theory, simulation,

and engineering experience contributes to a more defensive and repeatable design process.
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Ultimately, the study achieved its intended goal while providing a broader, scalable
framework for DFMA-based RF design. The resulting paradigm - function driven but
manufacturability based - can serve as a transferable template for future engineering tasks
involving complex, miniaturized, and frequency-sensitive microwave devices. It
emphasizes simultaneous design and manufacturing planning, providing a scalable path to

more reliable, cost-effective, and consistent performance RF hardware development.
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Appendix 1. Source Analysis Tool

Questions (Q1-Q4)

Reference #1-10

Q1: How to apply DFMA method in the
design of microwave high-frequency
components to improve their manufacturing
adaptability and assembly efficiency?

Summarized observations about the
relevance to question 1:

DFMA enhances early-stage feedback,
reduces tool-related defects, and improves
small-feature manufacturability.

Summarized observations about the
relevance of each reference:

Eskelinen, H. et al. (2004)

Campi, F. et al. (2022)

Azevedo, A. (2013)

Pons-Abenza, A. et al. (2024)
Pons-Abenza, A. et al. (2020)
Rodriguez, J. et al. (2022)

Free, C.E. & Aitchison, C.S. (2022)
Kakutani, T. et al. (2020)
Lopez-Villegas, J.M. et al. (2021)
Wong, S.-W. et al. (2016)

Q2: How should material selection, tolerance
control and machining path planning be
integrated for geometrically complex and
size-sensitive cavity structures?

Summarized observations about the
relevance to question 2:

Material and geometry must co-evolve.
Copper provides conductivity, stainless steel
provides mechanical rigidity, and tolerances
vary by frequency sensitivity.

Summarized observations about the
relevance of each reference:

Clark, N. et al. (2017)
Sharma, A. et al. (2024)
Gasson, P.C. (2011)

Wen, X. et al. (2023)
Kakutani, T. et al. (2020)
Lock, E.H. et al. (2019)
Sarvari, M. et al. (2019)
Shepard, K.W. et al. (1983)
Verdu-Andrés, S. et al. (2018)
Dickey, M.D. et al. (2017)

Q3: How can triangulation (literature,
interviews, simulations) improve the
reliability of design decisions and
manufacturing predictions?

Summarized observations about the
relevance to question 3:
Triangulation allows cross-checking of
assumptions. Contradictions between




literature and simulation highlight modeling
limits; expert insight fills gaps.

Summarized observations about the
relevance of each reference:

Nickelson, L. (2019)

Carter, R.G. et al. (2007)
Shepard, K.W. et al. (1983)
Verdu-Andrés, S. et al. (2018)
Eskelinen, H. et al. (2013)
Azevedo, A. (2013)

Sharma, A. et al. (2024)
Clark, N. et al. (2017)

Wang, L. et al. (2022)

Zhang, S. et al. (2024)

Q4: How do we identify and reconcile key
design trade-offs between manufacturing
performance and electromagnetic
performance?

Summarized observations about the
relevance to question 4: Manufacturing
limitations usually conflict with RF
performance requirements. These trade-offs
are reconciled in the following way: giving
priority to structural dimensions, such as
cavity diameters, rather than non-sensitive
dimensions; Apply surface treatment to
restore conductivity; Use simulation and
expert insights to solve DFM/EM
incompatibility issues.

Clark, N. et al. (2017)
Sharma, A. et al. (2024)
Gasson, P.C. (2011)
Shepard, K.W. et al. (1983)
Rodriguez, J. et al. (2022)

Lopez-Villegas, J.M. et al. (2021)

Lock, E.H. et al. (2019)
Wen, X. et al. (2023)
Sarvari, M. et al. (2019)
Sushil, K. et al. (2025)
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