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C. Völlinger, M. Wendt; CERN, Geneva, Switzerland

1 Introduction

This heavily overhauled, improved and extended document on numerical analysis of RF
problems is based on a write-up for the Advanced Accelerator Physics training of the CERN
Accelerator School (CAS). While still not complete, it covers additional and advanced sim-
ulation exercises covered in the 2023 Special Topic RF Course of the CAS, mainly based on
the CST Studio Suite software, but also on a circuit simulation freeware.

CST Studio Suite [1] is a software package for simulating and optimising electromagnetic
systems. It is used in antenna design, microwave circuits, and electromagnetic compatibility
and interference. CST Studio Suite provides various tools for modelling and simulating
electromagnetic systems, including a 3D modelling environment, various solvers for different
electromagnetic problems, and post-processing tools for analysing the simulation results.

1.1 How this tutorial is organised

This exercise manual is organised into sections covering a topic related to RF simulations
using CST Studio Suite. Each section has an “Advanced” section that includes some ad-
vanced operations for the particular section. Depending on how fast the primary examples
can be completed, one can go through these sections during the course.

• Modelling: This section focuses on modelling and provides an overview of the various
tools and techniques used to create accurate and efficient models of electromagnetic
systems.
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• Eigenmode Analysis: This section covers eigenmode analysis, a method for analys-
ing the resonant modes of an electromagnetic system. This section provides examples
of performing eigenmode simulations using CST Studio Suite.

• Frequency Domain Analysis: This section is dedicated to frequency domain ana-
lysis, a technique for analysing the behaviour of electromagnetic systems over a range
of frequencies. This section provides examples of performing these simulations using
CST Studio Suite.

• Time Domain, Wakefield and Particle-in-cell Analysis: This section explains
using time-domain and wakefield solver in the CST Studio. Wakefield solver is es-
sentially an extension of a time-domain solver to simulate the interaction of charged
particle beams with the environment. A specific example of a button beam position
monitor (BPM) design and its sensitivity calculation will be discussed in this section.

• Time Domain Analysis - Particle-in-cell simulation: This section covers particle-
in-cell (PIC) simulations, a powerful tool for simulating the behaviour of charged
particle beams in complex electromagnetic environments. It provides an overview
of PIC simulations and demonstrates how to perform them using CST Studio Suite.

• Equivalent circuit simulations: Equivalent circuit simulations provide a simplified
representation of complex systems, enabling efficient analysis and prediction of system
behaviour. This section covers the analysis of some RF systems using equivalent circuit
representations.

Throughout each section, examples and demonstrations are provided to help readers gain
a deeper understanding of the techniques involved in electromagnetic simulations using CST
Studio Suite.

1.2 Conventions Used

• Bold texts represent clickable software buttons, e.g. Start

• Italicised texts represent texts written on the software GUI or used to describe sections
of the software, e.g. Navigation Tree, Messages/Progress panel.

• Instruction box

< title >::< subtitle >::< subsubtitle >

These boxes display concise software steps, each with a title and body. The instructions
are split into several boxes for complex models or analyses with explanatory text in
between. To indicate continuation, subsequent instruction boxes are marked with
contd. in the box title.
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1.3 Icons Used

• ò
Displays extra useful information.

• �
Displays useful software tips.

• .
Displays a warning or limitation of the CST Studio software or practices
to avoid.

• ?
Displays questions that the students should think about and
answer.

• Keyboard keys are displayed as buttons, e.g. Enter , Esc , Ctrl , Shift , Z , etc.

• 1 - Step marker.

References

[1] CST STUDIO SUITE®, https://www.3ds.com/products-services/simulia/products/cst-
studio-suite/electromagnetic-systems/.
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2 Modelling

Modelling refers to the process of creating a digital representation of a physical object or
system using computer-aided design (CAD) software. In CAD software, modelling involves
creating a 2D or 3D representation of an object or system that can be manipulated and
analysed. We recommend generally parameterising the models.

2.1 Parametric modelling

Parametric modelling is a powerful feature in CAD software that allows designers to create
and modify 2D or 3D models flexibly and efficiently. In parametric modelling, the model
is created using a series of geometric parameters that can be easily modified to change the
shape and size of the model.

For example, in the design of a pillbox cavity in CST Studio software, the cavity length,
width, and height can be defined as parameters. Then, if the cavity needs to be made a
bit wider, the width parameter is simply adjusted and the entire model is automatically
updated.

In addition to making the design process more efficient, parametric modelling also makes
it easier to create variations of the same design. By adjusting the parameters, you can
quickly create variations of the same model without creating a new model from scratch. It
also enables optimising a design based on some key feature of an object.

2.2 Modelling in CST Studio

To create objects in CST Studio, users can use primitive shapes and/or sketches and apply
boolean operations as needed. Additionally, models from other software can be imported into
CST Studio. This section will cover the modelling tab in CST Studio and various operations
that can be performed within it. As an example, we start by modelling a pillbox cavity.

2.2.1 Example 1: Pillbox cavity

Figure 2.1 shows a parameterised pillbox cavity and the 3D geometry, which is the end goal.
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Figure 2.1: CST Interface - Modelling Tab.
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� It is good practice to �rst sketch the geometry and parametrically de�ne as
many geometric dimensions as you think are required to fully constrain the
model. There is no one way of parametrising a particular geometry, but some
methods result in fewer geometric variables than others.

To get started, follow these steps:

Pillbox model

1. Open CST Studio.

2. Click on 3D Simulation 1 on the Modules and Tools frame (bottom left)
and click on High Frequency 2 .

Figure 2.2: CST Home.

You will be taken to the CST Software user interface Fig. 2.3. First, de�ne the
model's geometric parameters.

3. Click on the Modelling tab 1 .

4. To de�ne the units, click on the Unit panel 2 . We leave the units as they are.

5. Click on OK or Cancel 3 to exit the dialogue box.

Now might be a good time to save the model.

6. Click on Parameter List on the Parameter List/Result Navigator frame.

7. Double click onnew parameterand enter `r cav' under Name , `148' underEx-
pression and `Cylinder radius' underDescription . Create the rest of the para-
meters according to Fig. 2.1.
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Figure 2.3: CST Interface Modelling Tab.

8. In Shapes, click on the cylinder icon 1 and press Esc .

9. Enter the dimensions 2 3 4 .

10. ChangeMaterial to Vacuum 5 (The default material is a perfect electric con-
ductor (PEC).

11. Click on Preview. Click OK . A cylinder is created.

12. Click on Preview 6 to preview the model. If everything is okay, click onOK
7 .

Figure 2.4: Create cavity.

13. Repeat process from 6. to create a second cylinder.
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Figure 2.5: Create beampipe.

ò ˆ For free rotation, click and hold down Ctrl + click, hold down
Left Mouse Button (LMB) and move the mouse.

ˆ Use Middle Mouse Button (MMB) to zoom in or out of the
model.

Note that the cylinder is o�set from the central axis, re
ected in the cylinder
dimension input. Next, weMirror the beampipe to the other side.

14. On theNavigation Tree, click on 1 to expandComponents. Click on 2 to
expandcomponent1. Click on solid2 3 to select it.

15. Click on Transform 4 , select theMirror 5 radio button and tick the Copy
checkbox 6 .

16. UnderMirror plane normal, input 1 in Z: 7 .

17. Click Preview 8 to preview model.

18. Click OK 9 .
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Figure 2.6: Mirror beampipe.

ò Although it is not necessary for this example, the shapes can be
combined using aBoolean operation.

19. Click on component1 1 to select all cylinders.

Multiple selections can also be made by holding downShift + Click on the
solid.

20. Click on the arrow onBoolean 2 and click on Add 3 .

Figure 2.7: Mirror beampipe.
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� Some navigation tips:

ˆ 0 : Perspective view

ˆ 5 : Front view

ˆ 3 : Back view

ˆ 4 : Left view

ˆ 6 : Right view

ˆ 8 : Top view

ˆ 2 : Bottom view

ˆ Spacebar - Bring the full model into view and use the tool in theView
tab to inspect your model.

ò Primitive shapes are basic 3D shapes such as cubes, spheres, cylinders, cones,
and pyramids used as building blocks to create more complex 3D models in
CAD software. They are easy to create, manipulate, and modify and provide
a common vocabulary for communication within the design and engineering
industry.

2.2.2 Element Selection

Points, edges, and faces are the fundamental elements used to represent objects in CAD
and CAE software. Points represent a location in space, edges connect points to form the
object's boundaries, and faces are the surfaces enclosed by the edges, de�ning the shape and
topology of the object. These elements are crucial for creating accurate and e�cient models
of objects and analysing their physical properties and behaviour.

�
ˆ P : Point selection mode.

ˆ E : Edge selection mode.

ˆ F : Face selection mode.

ˆ D : Deselect everything.

ˆ Esc : Exit selection mode.

2.2.3 Example 2: Elliptical Cavity

In this section, an elliptical cavity is constructed using the TESLA cavity [1] mid-cell geo-
metric variables. Fortunately, there is an existingMacro in CST Studio that can save us
time and e�ort, as modelling it ourselves would require extensive curve calculations and be
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time-consuming.
Figure 2.8 shows a parameterised model of an elliptical cavity.

Figure 2.8: Parameterised half mid-cell of an elliptical cavity geometry.

To get started, follow these steps:

TESLA Cavity Geometry

1. Open CST Studio.

2. Click on 3D Simulation on the Modules and Tools frame (bottom left) and
click on High Frequency.

You will be taken to the CST Software user interface. As in the previous example,
we de�ne the model's geometric parameters.

3. Fill out the parameters as illustrated in Fig. 2.9.

Figure 2.9: TESLA cavity parameters.

4. On the Home tab, click on Macros 1 , Construct 2 , Parts 3 , and then
Superconducting Cavity 4 .

5. Enter the variables as in Fig. 2.10 and clickOK 5 .
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Figure 2.10: Create cavity.

6. Press 5 1 to change view.

7. Click on Transform 2 and follow the numbered steps in Fig. 2.11 to rotate
the cavity. The goal is to align the cavity's central axis along thez-axis.

Figure 2.11: Rotate model.

8. Press 6 1 to change view.
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