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ABSTRACT:

This project aims to simulate the electromagnetic behaviour of an RF cavity and design a control system for
a particle accelerator. The cavity to be simulated and the particle accelerator where the control system will
be implemented is named BLAS. This accelerator was designed and built through a collaboration between
BTESA and CIEMAT.

On one hand, the simulation will be performed using Ansys HFSS software. Different simulations will
be conducted by modifying the cavity geometry to study its electromagnetic behaviour. On the other hand,
EPICS software will be utilized for the control system design. EPICS is widely used in the field of particle
accelerators as it enables interconnection and monitoring of multiple devices simultaneously. Additionally,
a PCB dedicated to processing signals from BLAS will be designed for integration into the control system.
This design will be carried out using Altium Designer® 21.

Moreover, the complexity and multidisciplinary nature of this Master’s thesis allows it to cover not only
various specialities within the Telecommunication Engineering Master’s program but also acquire cross-
cutting knowledge and specific skills from other fields such as particle physics. The culmination of this work
will result in a detailed study of the electromagnetic behaviour of a pillbox cavity and a comprehensive
laboratory monitoring control system.
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RESUMEN:

Este proyecto tiene como principales objetivos el de simular el comportamiento electromagnético de una
cavidad de RF, y el de diseñar un sistema de control para un acelerador de partículas. La cavidad a
simular y el acelerador de partículas donde implementar el sistema de control tiene el nombre de BLAS. Este
acelerador fue diseñado y construido a raíz de una colaboración entre BTESA y CIEMAT.

Por un lado, la simulación se realizará con el software Ansys HFSS. Se realizarán diferentes simulaciones
modificando la geometría de la cavidad para estudiar su comportamiento electromagnético. Por otro lado,
para el diseño del sistema de control, se utilizará el software EPICS. Dicho software está muy extendido
dentro del mundo de los aceleradores de partículas. EPICS permite la interconexión y monitorización
de varios equipos simultaneamente. Además, se diseñará una PCB dedicada al procesamiento de señales
provenientes del BLAS, para su incorporación en el sistema de control. Dicho diseño se realizará en Altium
Designer® 21.

Asimismo, la complejidad y ámbito multidisciplinar de este Trabajo Fin de Máster le permite cubrir, no
sólo las diferentes especialidades del Máster de Ingeniería de Telecomunicación, sino también adquirir
conocimientos y habilidades transversales o específicos de otros campos como la física de partículas. El
resultado de todo lo expuesto culmina con la obtención de un estudio detallado del comportamiento
electromagnético de una cavidad tipo pillbox, y de un sistema de control capaz de monitorizar un
laboratorio por completo.
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Glossary

Agilent Technologies provides electronic design and test solutions.

Altium Designer® 21 software used to design PCB from schematics. It allows 3D Design, as well as
electronics simulation.

Anritsu is a Japanese company which provides electronic design and test solutions.

Ansys HFSS 3D electromagnetic (EM) simulation software for designing and simulating high-frequency
electronic products such as antennas, antenna arrays, RF or microwave components, high-speed
interconnects, filters, connectors, IC packages and printed circuit boards.

Datasheet Document that summarizes the performance and other characteristics of a product in sufficient
detail that allows a buyer to understand what the product is and a design engineer to understand the
role of the component in the overall system.

Diconex is a European supplier for power loads, resistors, and attenuators for RF and microwaves..

footprint is the arrangement of pads (in SMT) or through-holes (in THT) used to physically attach and
electrically connect a component to a PCB.

GitHub is a collaborative development platform for hosting projects using the Git version control system.

GranaSAT GranaSAT is an academic project from the University of Granada originally consisting in
designing and developing a picosatellite. Coordinated by the Professor Andrés María Roldán Aranda,
GranaSAT is a multidisciplinary project with students from different degrees, where they can acquire
and enlarge the knowledge necessary to face an actual aerospace project.

Infineon Technologies German semiconductor manufacturer founded in 1999, when the semiconductor
operations of the former parent company Siemens AG were spun off.

Jupyter Notebook is the original web application for creating and sharing computational documents. It
offers a simple, streamlined, document-centric experience..

Keysight Technologies provides electronic design and test solutions.

Marconi Instruments was a company which produced electronic test and measurement equipment and
systems, including automatic test equipment.

Metadata A set of data that describes and gives information about other data.

PT100 A resistance thermometer that consists of an element that uses resistance to measure temperature.
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Glossary xxxi

0
Python High-level general-purpose programming language.

Qt Designer Tool for designing and building graphical user interfaces with Qt Widgets.

Raspberry Pi 4 Low cost, credit-card sized computer that plugs into a computer monitor or TV, and uses
a standard keyboard and mouse.

Siglent Global leader in research development, engineering, manufacturing, sales, and service support for
electronic test and measurement equipment.

Texas Instruments TI is an American technology company headquartered in Dallas, Texas, that designs
and manufactures semiconductors and various integrated circuits, which it sells to electronics designers
and manufacturers globally.
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AC Alternating Current.

ADC Analog to Digital Converter.

BLAS Beam Loading Advanced Simulator.

BNC Bayonet Neill–Concelman.

BTESA Broad Telecom S.A..

CA Channel Access.

CIEMAT Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas.

CSS Control System Studio.

CWS Client WorkStation.

DC Direct Current.

DUT Device Under Test.

EPICS Experimental Physics and Industrial Control System.

FFT Fast Fourier Transform.

FM Frequency Modulation.

GPIB General Purpose Interface Bus.

GPIO General Purpose Input Output.

GUI Graphical User Interface.

HFSS High-Frequency Structure Simulator.

HP Hewlett Packard.

IFMIF International Fusion Materials Irradiation Facility.

IFMIF/EVEDA International Fusion Materials Irradiation Facility / Engineering Design and Engineering
Validation Activities.

IOC Input/Output Controller.
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0
LAN Local Area Network.

LCD Liquid Crystal Display.

LED Light Emitting Diode.

Linac Linear accelerators.

LIPAc Linear IFMIF Prototype Accelerator.

LLRF Low Level RF.

PCB Printed Circuit Board.

PV Process Variable.

PVA pvAccess.

RF Radio Frequency.

SCH Schematic.

SCPI Standard Commands for Programmable Instruments.

SMA SubMiniature version A.

SMD Surface Mounted Device.

SMT Surface Mount Technology.

SQL Structured Query Language.

SSPA Solid State Power Amplifier.

THT Through-Hole Technology.

TI Texas Instruments Incorporated.

VNA Vector Network Analyzer.
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Chapter 1

Introduction

The following master’s thesis was written as a partial fulfilment of the Telecommunications Engineering
Master’s degree from the University of Granada (UGR). The goal of this work is to simulate the
electromagnetic behaviour of an RF cavity and the design and implementation of a control algorithm for a
particle accelerator. This project arises from the collaboration between BTESA, CIEMAT and the
University of Granada and seeks to bring the technologies surrounding particle accelerators closer to the
academic field.

The imperious need of discovering new ways to produce environmentally friendly energy has impulsed the
development of nuclear fusion projects such as International Fusion Materials Irradiation Facility (IFMIF).

Figure 1.1 – IFMIF logo

This project was born to build a specific neutron source based on the nuclear reaction between deuterium
and lithium nuclei. For the mitigation of technology risks, a first stage was launched as the IFMIF/EVEDA,
aiming to produce an integrated engineering design of the IFMIF plant and the data necessary for future
decisions on the construction, operation, exploitation and decommissioning of the future Fusion Neutron
Source by completing the engineering validation activities of its three main facilities: the Test Facility, the
Lithium Target Facility, and the LIPAc [16]. In the context of the Spanish contribution to IFMIF/EVEDA,
BTESA and CIEMAT built the BLAS [5], Fig. 1.2.
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Figure 1.2 – SSPA drawer and pillbox cavity (BLAS) [5]

1.1 What is BLAS?

BLAS was designed for educational purposes and consists of an SSPA drawer and an RF cavity that
together form the acceleration part from a particle accelerator. The SSPA drawer is in charge of generating
the RF power that will make the particles accelerate inside the RF cavity. Both parts will be discussed in
detail in Chapter 2.

Shortly, the SSPA drawer generates an RF signal of 175 MHz and 2 kW. The drawer is composed by two
RF amplifiers, a circulator, a 50 Ω load, directional couplers and a refrigeration system, explained in Section
2.2. The cavity is a pillbox one with a radius of 0.5 m and that resonates at 175 MHz, analysed in Section
2.3. The electromagnetic simulations from this project will be based on the geometry of this cavity.

1.2 Control algorithm

One of the most important goals for this project is the design of an algorithm capable of controlling
and monitoring the BLAS. The BLAS has different control signals that can be processed to know exactly
the situation of the particle accelerator. These control signals refer from the output power from the 2 kW
amplifier to the flow of the water pump used to refrigerate the system.

The control algorithm will be implemented in a Raspberry Pi 4 model B with touchscreen. This device
is expected to receive the different control signals and process them to be able to monitor the particle
accelerator. These signals have different tension, some incompatible with the Raspberry Pi, and can be
analog or digital. For this reason, a PCB is needed to interpret the control signals and be able to manipulate
them with the Raspberry Pi 4. Thus, the design of this PCB plays a crucial role in this work.

This project will have two different approaches to the control and monitor issue. On one hand, the
monitoring will be done through a user interface designed with Qt Designer. The signals processed by the
PCB will be plotted in the GUI made with the previous tool, using different scripts in Python.

On the other hand, an open source software tool, called EPICS, will be used to implement the algorithm.
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EPICS provides a software infrastructure for use in building distributed control systems to operate devices
such as particle accelerators, large experiments and major telescopes.

Figure 1.3 – EPICS logo

1.3 Project structure

This project has been structured as follows:

• Chapter 1 - Introduction: Brief explanation of what are the goals for this project.

• Chapter 2 - BLAS: Presentation of the main character of this project, a linear particle accelerator.

• Chapter 3 - Electromagnetic simulations: Simulations using Ansys HFSS of a pillbox cavity.

• Chapter 4 - Controller: Development of the different components that build up the system control to
design. From PCB design to dedicated software implementation.
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Chapter 2

BLAS

This chapter’s main goal is to describe different parts that compose the BLAS. However, firstly is necessary
to explain where the BLAS comes from. The term BLAS, comes from its name "Beam Loading Advanced
Simulator" and was designed in a collaboration between BTESA and CIEMAT. As stated in Chapter 1,
BLAS was created for educational purposes under the IFMIF/EVEDA project. This system acts like a
linear particle accelerator on a small scale. In this way, the control mechanisms that a linear particle needs,
can be tested without having a bigger scale accelerator near. The BLAS is mainly formed by two parts: the
SSPA drawer and the RF cavity. These two will be explained in the following sections.

2.1 Particle linear accelerator basis

In this section, the theory behind the particle linear accelerators will be explained, also known as Linacs.
A simplified block diagram of a Linac is shown in Figure 2.1. Every Linac needs an RF power system capable
of creating the desired magnetic field inside the cavity, and an RF control system that manages the power
and frequency of the input RF signal [22]. On the other hand, there is a DC particle injector that provides
the beam to accelerate. This beam enters the cavity with a determined speed and exits with a much greater
one.

DC
particle 
injector

Linac structure
(Accelerating cavities and focusing magnets)

Input
beam Output

beam

RF
power
system

Figure 2.1 – Linac diagram block

In order to accelerate the particles from the input beam, an electric field is used. Figure 2.2 indicates the
electric field lines generated in an accelerating gap. Ideally, these lines should be horizontal to have a perfect
linear acceleration. However, as shown in Figure 2.2, Rf transverse electric fields also act on the beam, so
the particles experience transverse defocusing forces.
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Figure 2.2 – Electric-field lines in an accelerating gap

So, BLAS is considered a Linac because consists of an RF power system (SSPA drawer) and a Linac
structure (RF cavity).

2.2 SSPA Drawer

The SSPA drawer block diagram is shown in Figure 2.3. The input RF signal is generated outside the
BLAS, and introduced into the driver. This driver has a 41 dB gain, which output is connected to the input
of the 21 dB gain amplifier. Considering BLAS was designed to provide 63 dBm, 2 kW, the driver must
provide 42 dBm, 15.85 W, so the input RF signal from the generator must be of 1 dBm, 1.26 mW. The SSPA
drawer was designed to amplify a 175 MHz and 1 mW signal up to 2 kW.

Once the high power signal is generated, it is inserted into a circulator. This circulator works as a safety
device to avoid harming the previous RF components, with possible reflected power. The SSPA drawer’s
circulator has three ports connected to the amplifier output, the cavity, and the 5 kW load, respectively. So,
the reflected power from the cavity does not enter the amplifier output and gets redirected to the load.

There are two ways to monitor the power available in the SSPA drawer. On one hand, the different
directional couplers can be used to measure the power coupled in them. It is important to know the
attenuation that each port has to then calculate the real power in the drawer. There are directional couplers
in both circulator outputs, to measure the transmitted and reflected power from the cavity, and from the
load. On the other hand, there is software, provided by BTESA, that monitors the input and output power
from the driver and the amplifier. Each component that appears in the block diagram will be detailed in
further subsections.
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Figure 2.3 – BLAS RF block diagram [2]
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2.2.1 Driver

The driver was designed to be the first amplifying element, increasing the power value of the low level
input RF signal coming from the generator. In Figure 2.4, the back panel of the driver is depicted. It can
be seen, the input port is a N female type, and the output port is SMA female type.

Figure 2.4 – BLAS driver back panel

The other connectors are for the serial connection with the software via RS-232. The DB9 connector for
the RS-232 is in the front panel, Figure ??. The mentioned cable connects the driver with a PC containing
the monitoring software. Apart from the DB9 connector, there are LED indicators, for different applications.
If the driver is working as expected the LEDs Mains, DC supply. If the other indicators turn orange or red,
there is an issue with the driver functioning. For instance, if the RF is too low or high, the RF OUT
indicators will turn red.

Figure 2.5 – BLAS driver front panel

2.2.2 Amplifier

The amplifier is the second amplifying device from the drawer. It is charged with providing the 2 kW
signal, with the output signal from the driver. In Figure 2.6 the back panel is depicted. As the amplifier
works with higher power signals, there is a need for a water cooling system. The input water port is on the
left of the figure, and the output is on the right. Then, the input SMA port can be seen, coming from the
driver output SMA port. Moreover, the rest of the connectors are for the serial connection with the software
via RS-232.
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Figure 2.6 – BLAS amplifier back panel

The amplifier output is a connector for 7/8" tubing. The high power RF signal is transmitted via tubes
and elbows of 7/8", towards the circulator, Figure 2.7.

Figure 2.7 – BLAS tubing for high power signals

As in the driver’s case, the front panel of the amplifier consists of a DB9 female connector, to communicate
with the software, and of LED indicators, that have the same application as before, Figure 2.8.
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Figure 2.8 – BLAS amplifier front panel

2.2.3 Circulator

The circulator is used as a safety measure, because of the high power of the signals used. If the amplifier
is directly connected to the cavity, and the cavity’s port is not adapted, the 2 kW signal would be totally
reflected into the amplifier, harming the RF components. In Figure 2.9, the circulator is shown.

2

3
Load

Cavity

Water
cooling
system

Ampli
1

Figure 2.9 – BLAS circulator
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2.2.3.1 Measurements

As the circulator is a crucial part of the Radio Frequency (RF) system, it has been characterized with a
VNA, E5071C from Agilent Technologies. A guide to calibrate with this VNA is in Appendix A.

The circulator has three ports, but as one is connected to the 5 kW load, the characterization will be
only with two ports. Port 1 will be the port connected to the amplifier, and port 2 the one connected to the
cavity. It is expected that both reflected S parameters (S11 and S22) are low, around -25 dB, so the port is
adapted. Whereas for transmission S parameters, S21 must be near zero, so everything from the amplifier
is transmitted to the cavity, and S12 must be really low so the reflected power from the cavity dissipates in
the load.

The results from the characterization are shown in Figure 2.10. The frequency sweep was between 170
MHz and 180 MHz, as is the range of frequencies BLAS works.

Figure 2.10 – S parameters characterization for the BLAS circulator

As expected, the reflected S parameters are below -20 dB, which indicates both ports are adapted.
Moreover, S21 is nearly zero, so everything is being transmitted, and S12 is below -30 dB for most relevant
frequencies. The circulator will work as desired.

2.2.4 Patch panel

The patch panel is located on the front side of the SSPA drawer, Figure 2.11. The tubing coming from
the amplifier output, three circulator ports, the cavity, and the load is located in this panel. These tubes
are interconnected using "U" connectors, Figure2.12, commonly known as "telephones". In this way, various
configurations can be chosen to operate the BLAS.
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Figure 2.11 – Front view of the patch panel

Figure 2.12 – U connector

2.2.4.1 Patch panel configurations

In this section, the various configurations will be explained. The manner to know if the configuration is
correct is by using the switches located between each port in the patch panel. Depending on the switches
pressed, by the telephones, it is possible to know which tubes are being used. Any configuration out of the
list below, will not let the system start. The patch panel diagram is depicted in Figure 2.13.
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Figure 2.13 – Patch panel block diagram

• Amplifier → Cavity: In this configuration, the amplifier output is directly connected to cavity, so there
is no circulator protection. SW2 pressed. This configuration is not recommended to avoid issues with
reflected power, Figure 2.14.

Figure 2.14 – Patch panel configuration 1

• Amplifier → Load: In this configuration, the amplifier output is directly connected to the load, SW1
pressed. This configuration is used when no cavity is used, to make measurements in the amplifier’s
output power, Figure 2.15.
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Figure 2.15 – Patch panel configuration 2

• Amplifier → Circulator → Cavity → Circulator → Load: In this configuration, the circulator is used.
SW3, SW4 and SW5 pressed. This configuration is used when the cavity is used and RF protection is
needed for the amplifier, Figure 2.16.

Figure 2.16 – Patch panel configuration 3

2.2.5 Directional Couplers

In the SSPA drawer there are five directional couplers, three just before the 5 kW load, and two before the
cavity. Each directional coupler has two ports to measure the transmitted and reflected power, Figure 2.17.
The RF block diagram provided by BTESA indicates the attenuation of each directional coupler. However,
the directional couplers are very sensitive to the orientation and position, and they could have moved in the
transport from Madrid to Granada. So, in the next subsection, the directional couplers will be characterized.
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(a) Before load directional couplers (b) Before cavity directional couplers

(c) Directional coupler
Figure 2.17 – SSPA drawer’s directional couplers

As seen in Figure 2.3, the directional couplers power is measured using BNC pigtails that are enumerated.
In the case of the couplers before the load, pigtail number 10 will be used for the transmitted power, and
probe 11 for the reflected power. Probe 10 will be connected to the directional coupler that is farther from
the load, and probe 11 to the nearest one. Probes 10 and 11 will be connected to a power divider with two
outputs. So, the power from probe 10 will be divided into probes 12 and 13, while probe 11 power will be
divided into probes 14 and 15. Both power splitters are depicted in Figure 2.18.
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Figure 2.18 – Power splitters from SSPA drawer

2.2.5.1 Measurements

To be able to rely on the attenuation values given in Figure 2.3, the attenuation from probe 12 will be
measured using the E5071C VNA. The characterization will be a two-port one, with port 1 in the load port
from the patch panel, and port 2 at the end of probe 12, Figure 2.19.

Figure 2.19 – Probe 12 characterization

In Figure 2.3, the power divider was not included in the attenuation values. That’s for the difference
between the attenuation of probe 12 in the block diagram, -53.35 dB, and the one calculated with the VNA,
-58.94 dB. The power divider used in the SSPA drawer is the ZSC-2-4+, which attenuation is 3.2 dB for 175
MHz [17]. So, the attenuations from the block diagram are reliable.
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2.2.6 Load

The load is a Diconex 17-0618. This load has an impedance of 50 Ω ± 5%, a range frequency of DC – 1
GHz, and a maximum power of 5 kW. The mentioned load is depicted in Figure 2.20.

Figure 2.20 – 5 kW load

2.2.7 BLAS Control Signals

The SSPA drawer includes the possibility to monitor some characteristics and functionalities of the driver
and the amplifier, using what is called "BLAS Control Signals". These signals can be manipulated on the
left side of the drawer, Figure 2.21.

Figure 2.21 – BLAS control signals

They can be divided into input or output signals from the BLAS.
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2.2.7.1 Output signals

• ILock Patch Panel: This signal controls the patch panel configuration is the correct one. In this case,
the signal value is 12 V, if not, zero, Figure 2.22

Figure 2.22 – ILock Patch Panel signal

• ILock Flow: Controls if the water flow is in the operating range for the system to work properly, 12
V. If not, zero. Figure 2.23.

Figure 2.23 – ILock Flow signal

• Flow Pulses: Pulsed signal, the frequency of the signal determines de water flow of the system.
Conversion: 50 pulses/l. In Figure 2.24, the frequency is of 5.8 pulses/s, so the flow is 7 l/min.
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Figure 2.24 – Flow Pulses signal

• VSEL 0: Indicates the second control bit to select the source voltage for the amplifying module. Refer
to Table 2.1.

• VSEL 1: Indicates the first control bit to select the source voltage for the amplifying module. Refer
to Table 2.1.

VSEL 0 (V) VSEL 1 (V) Source voltage (V)
0 0 41
0 5 43
5 0 48
5 5 50

Table 2.1 – VSEL signal voltages

• PD_MI: Corresponds to the direct power transmitted by the amplifier. A voltage of 7.6 V means 2
kW on the output of the amplifier.

• Fail 0: Indicates if there is an issue with pallet 0 from the amplifier. 0 V if it is working properly, and
5 V if there is a problem. Figure 2.25.
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Figure 2.25 – Fail 0 signal

• Fail 1: Indicates if there is an issue with pallet 1 from the amplifier. 0 V if it is working properly, and
5 V if there is a problem. Figure 2.26.

Figure 2.26 – Fail 1 signal

2.2.7.2 Input signals

– Amplifier Start: Start signal for the amplifier. In this way, if there is an input of 12 V, the amplifier
will start. As seen in Figure 2.21, it is connected to ILock Flow. This means the amplifier will
only start if the water flow in the system is correct.

– Driver Start: Start signal for the driver. As in the previous case, the driver will only start if there
is a 12 V signal as input. Connected to ILock Patch Panel signal, so the driver will only start if
the patch panel configuration, mentioned in Section 2.2.4, is correct.
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2.3 RF Cavity

In this section, the RF cavity that makes the BLAS among the SSPA drawer will be presented. Firstly,
the electromagnetic fields’ mathematical analysis will be explained, and then the Radio Frequency (RF)
cavity will be presented.

2.3.1 RF Cavity Theory

2.3.1.1 Maxwell’s equations

In order to figure out the electric and magnetic field inside a pillbox cavity, it is necessary to solve the
four fundamental equations that describe the behaviour of these fields in a medium and their propagation
together as a wave. These are called the Maxwell’s equations and are given as in the following [Pozar, 2012
- Balanis, 2012]:

∇ × E⃗ = −∂B⃗

∂t
(2.3.1)

∇ × H⃗ = J⃗ + ∂D⃗

∂t
(2.3.2)

∇ · D⃗ = ρ (2.3.3)

∇ · B⃗ = 0 (2.3.4)

where E⃗, H⃗, D⃗, B⃗ stand for electric field intensity, magnetic field intensity, electric flux density and
magnetic flux density, respectively. Moreover, J⃗ is the electric current density and ρ indicates the charge
density. To obtain the above fields, we need to indicate the relations between them, shown in Equations
2.3.5 and 2.3.6.

D⃗ = ϵE⃗ (2.3.5)

B⃗ = µH⃗ (2.3.6)

Here is where the propagation material is introduced. The electric permittivity ϵ and the magnetic
permeability µ depend on the medium, and they are considered as material properties in response to the
electromagnetic fields that interact with it. If the propagation medium is vacuum, they are defined as:

µ0 = 4π × 10−7Hm−1 (2.3.7)

ϵ0 = 1
µ0c2 Fm−1 (2.3.8)

where c is the speed of light in vacuum. When we are working in another medium apart from vacuum,
the relative permittivity and permeability are used. These can be calculated by using the following relations
ϵ = ϵrϵ0 and µ = µrµ0. Additionally, to solve Equations 2.3.1,2.3.3, 2.3.2 and 2.3.4 we need an extra relation
concerning the electric current density, J⃗ . As referred in [Transmision de Ondas], J⃗ is defined as:

J⃗ = J⃗i + J⃗s = σE⃗ + ρvu⃗ (2.3.9)
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where σ is the conductivity, J⃗i and J⃗s are current and source densities, ρv is the volume charge density
and u⃗ the charge velocity. Applying the previous relations and the conditions for electromagnetic fields for
source open region, σ = 0 and ρv = 0, Maxwell’s equations become:

∇ × E⃗ = −µ
∂H⃗

∂t
(2.3.10)

∇ × H⃗ = ϵ
∂E⃗

∂t
(2.3.11)

∇ · E⃗ = 0 (2.3.12)

∇ · H⃗ = 0 (2.3.13)

At this point, we can obtain the homogeneous wave equation for the electric field by using the vector
identity ∆A⃗ = ∇ · (∇ · A⃗) − ∇ × ∇ × A⃗ following these steps:

∇ × E⃗ = −µ
∂H⃗

∂t
(2.3.14)

∇ × ∇ × E⃗ = −µ
∂(∇ × H⃗)

∂t
(2.3.15)

∇ · (∇ · E⃗) − ∆E⃗ = −µ
∂(ϵ ∂E⃗

∂t )
∂t

(2.3.16)

∆E⃗ = µϵ
∂2E⃗

∂t2 (2.3.17)

On the other hand, the homogeneous wave for the magnetic field can be obtained by employing the
duality theorem, as seen in Equation 2.3.18.

∆H⃗ = µϵ
∂2H⃗

∂t2 (2.3.18)

Until this point, Maxwell’s equations were time dependant and three-dimensional. In order to omit this
time dependency, phasor representation can be used, supposing harmonic time variation. The phasor form
of electric and magnetic fields are obtained by using the following steps:

∇ × E⃗(x, y, z, t) + µ
∂H⃗(x, y, z, t)

∂t
= 0 (2.3.19)

∇ × Re
{

E⃗(x, y, z)ejωt
}

+ ∂

∂t
Re

{
µH⃗(x, y, z)ejωt

}
= 0 (2.3.20)

Re
{

∇ × E⃗(x, y, z)ejωt
}

+ Re

{
∂

∂t
µH⃗(x, y, z)ejωt

}
= 0 (2.3.21)

Re
{[

∇ × E⃗(x, y, z) + jωµH⃗(x, y, z)
]

ejωt
}

= 0 (2.3.22)

∇ × E⃗(x, y, z) + jωµH⃗(x, y, z) = 0 (2.3.23)
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Considering source in free region, the homogeneous Helmholtz equations can be written as:

∆E⃗ + k2E⃗ = 0 (2.3.24)

∆H⃗ + k2H⃗ = 0 (2.3.25)

where k = ω
√

ϵµ is the wave number for the lossless medium. These Helmholtz equations can be solved by
using the separation of variables in different coordinate systems such as cartesian, cylindrical and spherical
for the corresponding boundary conditions.

2.3.1.2 Cylindrical waveguide

A pillbox cavity can be seen as a cylindrical waveguide with the two ends covered. In order to obtain the
EM fields inside our cavity, it is necessary to calculate them for a cylindrical waveguide. We contemplate
an infinitely long cylindrical waveguide in the z-direction with a radius a. The walls are made of a perfect
conductor (σ → ∞) and the waveguide is filled by a material of permeability µ and permittivity ϵ, as shown
in Figure 2.27.

Figure 2.27 – Geometry of a cylindrical waveguide.

The analysis of the electric and magnetic fields for cylindrical waveguides is achieved using cylindrical
coordinates. The three set of solutions for plane waves are transverse electric (TE), transverse magnetic (TM)
and transverse electromagnetic (TEM). Nevertheless, TEM modes cannot propagate inside a waveguide
[Gerigk, 2013a]. Because of this, only TE and TM modes can be found in the cylindrical waveguides of
interest. The EM fields are defined in cylindrical coordinates as:

E⃗(ρ, ϕ, z) = Eρ(ρ, ϕ)e−jβz ρ̂ + Eϕ(ρ, ϕ)e−jβzϕ̂ + Ez(ρ, ϕ)e−jβz ẑ (2.3.26)

H⃗(ρ, ϕ, z) = Hρ(ρ, ϕ)e−jβz ρ̂ + Hϕ(ρ, ϕ)e−jβzϕ̂ + Hz(ρ, ϕ)e−jβz ẑ (2.3.27)

From now on, Maxwell’s equations will be written in the frequency domain as:

∇ × E⃗ = −jωµH⃗ (2.3.28)

∇ × H⃗ = jωϵE⃗ (2.3.29)

∇ · D⃗ = ρ (2.3.30)
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∇ · B⃗ = 0 (2.3.31)

To decompose each component of the electric and magnetic field, we need to solve Maxwell’s equations,
for that we apply the cylindrical rotational to the electric field as following:

∇ × E⃗ = 1
ρ


ρ̂ ρϕ̂ ẑ
∂

∂ρ
∂

∂ϕ
∂

∂z

Eρ ρEϕ Ez

 = −jωµH⃗ (2.3.32)

= 1
ρ

[
∂Ez

∂ϕ
− ∂ρEϕ

∂z

]
ρ̂ − 1

ρ

[
∂Ez

∂ρ
− ∂Eρ

∂z

]
ρϕ̂ + 1

ρ

[
∂(ρEϕ)

∂ρ
− ∂Eρ

∂z

]
ẑ = −jωµH⃗ (2.3.33)

Hρ = − 1
jωµ

[
1
ρ

∂Ez

∂ϕ
− jβEϕ

]
(2.3.34)

Hϕ = − 1
jωµ

[
jβEρ − ∂Ez

∂ρ

]
(2.3.35)

Hz = − 1
jωµ

1
ρ

[
∂ρEϕ

∂ρ
− ∂Eρ

∂ϕ

]
(2.3.36)

Applying the same method with Equation 2.3.29 we obtain:

Eρ = − 1
jωϵ

[
1
ρ

∂Hz

∂ϕ
− jβHϕ

]
(2.3.37)

Eϕ = − 1
jωϵ

[
jβHρ − ∂Hz

∂ρ

]
(2.3.38)

Ez = − 1
jωϵ

1
ρ

[
∂ρHϕ

∂ρ
− ∂Hρ

∂ϕ

]
(2.3.39)

Now, we arrange Equation 2.3.35 and Equation 2.3.37:

Hϕ = − β

ωµ
Eρ + 1

jωµ

∂Ez

∂ρ
(2.3.40)

Eρ = − 1
jωϵρ

∂Hz

∂ϕ
− β

ωϵ
Hϕ (2.3.41)

Combining both of the above equations, we obtain Eρ following these steps:

Eρ = − 1
jωϵρ

∂Hz

∂ϕ
− β

ωϵ

[
− β

ωµ
Eρ + 1

jωµ

∂Ez

∂ρ

]
(2.3.42)

Eρ = − 1
jωϵρ

∂Hz

∂ϕ
+ β2

ω2ϵµ
− β

ωµ
Eρ − β

jω2µϵ

∂Ez

∂ρ
(2.3.43)

Eρ(ω2µϵ − β2

ω2µϵ
) = 1

jωϵρ

∂Hz

∂ϕ
− β

jω2ϵµ

∂Ez

∂ρ
(2.3.44)

Andoni Pérez Segura



2.3. RF Cavity lvii

2

where β is the propagation constant and k = ω
√

µϵ is the wave number. Looking at Equation 2.3.44,
using β and k, the cut-off wave number can be defined as k2

c = k2 − β2, in order to have wave propagation
kc > 0. Eρ is rewritten as:

Eρ(k2
c

k2 ) = 1
jωϵρ

∂Hz

∂ϕ
− β

jk2
∂Ez

∂ρ
(2.3.45)

For the rest of the components of the EM fields, the same steps are followed and are given as:

Eρ = − j

k2
c

(β ∂Ez

∂ρ
+ ωµ

ρ

∂Hz

∂ϕ
) (2.3.46)

Eϕ = − j

k2
c

(β

ρ

∂Ez

∂ϕ
− ωµ

∂Hz

∂ρ
(2.3.47)

Hρ = j

k2
c

(ωϵ

ρ

∂Ez

∂ϕ
− β

∂Hz

∂ρ
(2.3.48)

Hϕ = − j

k2
c

(ωϵ
∂Ez

∂ρ
+ β

ρ

∂Hz

∂ϕ
(2.3.49)

Ez and Hz will be discussed in the next subchapter.

2.3.1.3 TE mode

As mentioned before, in cylindrical waveguides, the only modes of propagation are TE and TM. In this
subchapter, TE modes will be discussed, the ones where the electric field component in the propagation
direction is equal to zero. In our case, we are studying the propagation in the z direction, so Ez = 0.
Because of this, we only need to obtain Hz to have all the EM field components defined. This can be
extracted from the following homogeneous Helmholtz equation:

∆H⃗z + k2H⃗z = 0 (2.3.50)

where ∆ = ∂2

∂ρ2 + 1
ρ

∂
∂ρ + 1

ρ2
∂2

∂ϕ2 + ∂2

∂z2 is Laplacian in cylindrical basis and H⃗z(ρ, ϕ, z) = hz(ρ, ϕ)e−jβz.
Adding these two expressions to the Helmholtz equation, we obtain

(
∂2

∂ρ2 + 1
ρ

∂

∂ρ
+ 1

ρ2
∂2

∂ϕ2 + k2
c

)
hz(ρ, ϕ) = 0 (2.3.51)

Following the separation of variables method, hz(ρ, phi) = R(ρ)P (ϕ), the next expression must satisfy
Equation 2.3.51.

(
∂2R(ρ)

∂ρ2

)
P (ϕ) +

(
1
ρ

∂R(ρ)
∂ρ

)
P (ϕ) +

(
1
ρ2

∂2P (ϕ)
∂ϕ2

)
R(ρ) + k2

c R(ρ)P (ϕ) = 0 (2.3.52)

To distinct Equation 2.3.52 into ρ and ϕ components, both sides are divided by R(ρ)P (ϕ) and multiplied
with ρ2 which leads:
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1
Rρ

ρ
∂

∂ρ

[
ρ

R(ρ)
∂ρ

]
+ ρ2k2

c = − 1
P (ϕ)

∂2P (ϕ)
∂ϕ2 (2.3.53)

According to the separation of variables method, each side can be solved by equating the zero. For
example, the “ϕ” dependent function is obtained from the solution of the following equation.

∂2P (ϕ)
∂ϕ2 + k2

ϕP (ϕ) = 0 (2.3.54)

Because of the perfect conductor materials of the surface of the cylindrical waveguide, the electric and
magnetic fields (E⃗, B⃗) must satisfy n̂ × E⃗ and n̂ · B⃗, where n̂ is the surface’s normal vector. In our case, the
field hz(ρ, ϕ) is a continuous function, periodic with 2π in ϕ and kϕ is an integer. The general solution for
the second order differential Equation 2.3.54 is

P (ϕ) = Asin(kϕϕ) + Bcos(kϕϕ)) (2.3.55)

Applying the boundary conditions, kϕ = n = 0, 1, 2. . . then:

P (ϕ) = Asin(nϕ) + Bcos(nϕ)) (2.3.56)

where A and B are arbitrary constants. Once P (ρ) is defined, it is inserted into Equation 2.3.54, both
sides are multiplied by R(ρ) and added to Equation 2.3.53:

ρ
∂

∂ρ

[
ρ

R(ρ)
∂ρ

]
+

[
(kcρ)2 − n2]

R(ρ) = 0 (2.3.57)

This equation is called Bessel differential equation. The two linearly independent solutions to this
equation are

R(ρ) = CJn(kcρ) + DYn(kcρ) (2.3.58)

Hz(ρ) = R(ρ) [Acos(nϕ) + Bsin(nϕ))] e−jβz (2.3.59)

where Jn is the Bessel function of first kind, Yn is the Bessel function of second kind, and C and D are
arbitrary constants. Nevertheless, Yn(ρ = 0) goes to infinite and causes singularity at field, so D has to be
equal to zero. This let us with hz defined as:

hz(ρ, ϕ) = [Asin(nϕ) + Bcos(nϕ)] Jn(kcρ) (2.3.60)

Now that all the components from both fields are defined, it is necessary to calculate the cut-off wave
number, kc, to be able to know the bandwidth from each TE mode. To do so, boundary conditions Eϕ(ρ =
a, ϕ, z) = 0 are applied to Eϕ, Equation 2.3.47.

Eϕ(ρ = a, ϕ, z) = jωµ

kc
[Asin(nϕ) + Bcos(nϕ)] Jn(kca) = 0 (2.3.61)

From Equation 2.3.61 is observed that:
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J ′
n(kca) = 0 → kca = P ′

nm → kc = P ′
nm

a
(2.3.62)

where P ′
nm is the mth root of J ′

n(P ′
nm) and their values are listed in Table 2.2.

P ′
nm m=1 m=2

n=0 3.832 7.016
n=1 1.841 5.331
n=2 3.054 6.706

Table 2.2 – Root values for J ′
n

Equation 2.3.62 indicates the way to calculate the bandwidth for each TE mode. If the cut-off wave
number, kc and the roots of the derivative of the Bessel function of first kind, P ′

nm, relate as:

kc,nm = P ′
nm

a
(2.3.63)

where k2
c,nm = k2 − β2

nm, then the cut-off frequency can be defined as follows:

βnm =
√

k2 + k2
c,nm =

√
k2 +

(
P ′

nm

a

)2
(2.3.64)

fc,nm = kc,nm

2π
√

µϵ
(2.3.65)

So if k > kc, β is real and the wave propagates. However, if k < kc the wave is attenuated, being k
the wave number in free space. Finally, the electromagnetic field in a cylindrical waveguide in TE mode are
summarized as:

Eρ = −jωµ

k2
c ρ

[Acos(nϕ) − Bsin(nϕ)] Jn(kcρ)e−jβz (2.3.66)

Eϕ = jωµ

kc
[Asin(nϕ) + Bcos(nϕ)] J ′

n(kcρ)e−jβz (2.3.67)

Ez = 0 (2.3.68)

Hρ = −jβ

kc
[Asin(nϕ) + Bcos(nϕ)] J ′

n(kcρ)e−jβz (2.3.69)

Hϕ = −jβn

k2
c ρ

[Acos(nϕ) − Bsin(nϕ)] Jn(kcρ)e−jβz (2.3.70)

Hz = [Asin(nϕ) + Bcos(nϕ)] Jn(kcρ)e−jβz (2.3.71)

2.3.1.4 TM mode

TM mode refers to transverse magnetic field to the propagation direction, in our case, +z direction with
Hz = 0. To obtain the electric and magnetic fields for TM modes, the steps from the previous subchapter can
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be followed. Instead of having Ez = 0, we have Ez(ρ, ϕ, z) = ez(ρ, ϕ)e−jβz. Using the method of separable
variables, a similar solution is derived:

ez(ρ, ϕ) = [Asin(nϕ) + Bcos(nϕ))] Jn(kcρ) (2.3.72)

with A and B as arbitrary constants, and J ′
n is the first kind of Bessel function. The boundary condition

Ez(ρ = a, ϕ, z) = 0 is applied to Ez:

Ez(ρ = a, ϕ, z) = [Asin(nϕ) + Bcos(nϕ))] Jn(kca)e−jβz = 0 (2.3.73)

As was done before, to satisfy the previous Equation, Jn must be equal to zero:

Jn(kca) = 0 → kca = Pnm → kc = Pnm

a
(2.3.74)

where Pnm is the mth root of Jn(Pnm) and their values are listed in Table 2.3.
Pnm m=1 m=2
n=0 2.405 5.520
n=1 3.832 7.016
n=2 5.135 8.417

Table 2.3 – Root values for Jn

Equation 2.3.74 indicates the way to calculate the bandwidth for each TM mode. If the cut-off wave
number, kc and the roots of the derivative of the Bessel function of first kind, Pnm, relate as:

βnm =
√

k2 − k2
c,nm =

√
k2 −

(
P ′

nm

a

)2
(2.3.75)

fc,nm = kc,nm

2π
√

µϵ
= Pnm

2π
√

µϵ
(2.3.76)

Between TE and TM modes, the mode with smallest cut-off frequency is defined as the “dominant mode”.
For circular waveguides, TE11 is the dominant one, as can be seen in Tables 2.2 and 2.3. The smaller the
root of the Bessel function, the smaller the cut-off frequency. Finally, the electric and magnetic fields for
TM modes are defines as:

Ez = [Asin(nϕ) + Bcos(nϕ)] Jn(kcρ)e−jβz (2.3.77)

Eρ = −jβ

kc
[Asin(nϕ) + Bcos(nϕ)] J ′

n(kcρ)e−jβz (2.3.78)

Eϕ = −jβn

kcρ
[Asin(nϕ) − Bsin(nϕ)] Jn(kcρ)e−jβz (2.3.79)

Hz = 0 (2.3.80)

Hρ = −jωϵn

k2
c ρ

[Acos(nϕ) − Bsin(nϕ)] Jn(kcρ)e−jβz (2.3.81)

Hϕ = −jωϵ

k2
c ρ

[Asin(nϕ) − Bsin(nϕ)] J ′
n(kcρ)e−jβz (2.3.82)

Andoni Pérez Segura



2.3. RF Cavity lxi

2

2.3.1.5 Cylindrical pillbox cavity

As was mentioned before, a pillbox cavity can be seen as a cylindrical waveguide with two end walls
on the sides. This type of accelerating cavity has an infinite number of resonant modes. The goal of this
subchapter is to present the most important modes using the electric and magnetic field equations defined
in previous chapters. For this, it is assumed that the pillbox cavity to study has a length “d” and a radius
“a”, as seen in Figure 2.28.

Figure 2.28 – Geometry of a cavity and the EM fields inside.

The main difference between a cavity and a conventional waveguide is the idea of having standing
waveforms rather than travelling waves. As before, the only modes that can propagate inside this structure
are the TE and TM modes. In this case, we consider the electric field as:

E⃗(ρ, ϕ, z) = e⃗(ρ, ϕ)(A+e−jβnmz + A−e−jβnmz) (2.3.83)

where e⃗(ρ, ϕ) refers to the transverse mode variations, the ones that are not in the z propagation direction,
A+ and A− are the amplitudes of the forward and backward waves, respectively. For TE modes, the
propagation constant was defined as:

βnm =
√

k2 + k2
c,nm =

√
k2 +

(
P ′

nm

a

)2
(2.3.84)

and for the TM modes as:

βnm =
√

k2 + k2
c,nm =

√
k2 +

(
Pnm

a

)2
(2.3.85)

The first boundary condition to apply is E⃗(ρ, ϕ, z = 0) = 0, in the wall we have no electric field as it is
a perfect conductor.

E⃗(ρ, ϕ, z = 0) = e⃗(ρ, ϕ)(A+ + A−) (2.3.86)

Equation 2.3.86 is only true if A+ = −A−. The second boundary condition, E⃗(ρ, ϕ, z = d) = 0, states
that the electric field in the second wall is zero, because of the condition of perfect conductor the wall has.

E⃗(ρ, ϕ, z) = e⃗(ρ, ϕ)(A+e−jβnmd + A−e−jβnmd) = 0 (2.3.87)
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A+(cos(βnmd) − jsin(βnmd)) + A−(cos(βnmd) − jsin(βnmd)) = 0 (2.3.88)

cos(βnmd)(A+ + A−) + jsin(βnmd)(A+ + A−) = 0 (2.3.89)

From the first condition, we defined A+ = −A−. However, if this assumption is applied to Equation
2.3.89, the result is not equal to zero so,

sin(βnmd) = 0 → βnmd = lπ

d
(2.3.90)

where l = 0, 1, 2.... Hence, the cut-off resonant frequencies for the TE and TM modes can be calculated
as:

TEnml : fc,nml = c

2π
√

µrϵr

√(
lπ

d

)2
+

(
P ′

nm

a

)2
(2.3.91)

TMnml : fc,nml = c

2π
√

µrϵr

√(
lπ

d

)2
+

(
Pnm

a

)2
(2.3.92)

Looking at the equations, we can determine that if the dominant mode for the cylindrical waveguides
was TE11, for the pillbox cavity will be TE110. Nevertheless, not all the electromagnetic fields are valid to
accelerate particles, so we need to consider Lorentz Force equation:

F⃗ = q
(

E⃗ + v⃗ × B⃗
)

(2.3.93)

where v⃗ and q are the speed and charge of the particles, respectively. From the Lorentz equation, two
different are assumed. On the one hand, F⃗e = qE⃗ is the electric force applied to a particle with the same
direction as the electric field. On the other hand, F⃗m = q(v⃗ × B⃗) is the magnetic force perpendicular to the
magnetic field and the speed of the charge. Work-energy relation is used to calculate energy changes of a
particle. The kinetic energy variation can be expressed as:

∆Ek =
∫

F⃗ d⃗l (2.3.94)

Inserting the Lorentz Force equation, Equation 2.3.93 into the kinetic energy variation one, Equation
2.3.94[Jensen, 2016], and keeping in mind that v⃗ = d⃗l

dt , we obtain:

∆Ek = q

∫
E⃗d⃗l + q

∫
(v⃗ × B⃗)d⃗l = q

∫
E⃗d⃗l (2.3.95)

This demonstrates that is the electric field the one that can actually accelerate particles by adding kinetic
energy to them. The magnetic field is used to guide particles. Consequently, the particle will be accelerated
in the direction of E⃗. We are looking for an acceleration in the z direction, so the TE modes are directly
discarded for acceleration purposes, as Ez = 0. Only TM modes can be used, specifically, there is a mode
called “acceleration mode” that is the dominant one inside the TM ones, the TM010 mode. For TM010, the
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electric field only has Ez and the magnetic field Hϕ. The other components are equal to zero.

Ez = E0J0

(
2.405ρ

a

)
e−jωt (2.3.96)

Hϕ = −j

√
ϵ0

µ0
E0J1

(
2.405ρ

a

)
e−jωt (2.3.97)

Finally, we can rewrite Equation 2.3.92 to define the resonant cut-off frequency for the TM010, which
becomes independent of the cavity length d. We can conclude that the bigger our frequency is, the smaller
the cavity we are going to need.

TM010 : fc,010 = 2.405c

2πa
√

µrϵr
(2.3.98)

2.3.1.6 Quality factor

One of the most important parameters that describe a cavity is the quality factor, which defines how
much energy is lost, or RF power stored in the cavity. Also, it characterizes the bandwidth of the cavity
relative to its resonance frequency. As mentioned in [Gerigk,2013b], the quality factor is defined as:

Q = ωwres
Stored energy in cavity

Energy dissipated in cavity walls
= 2πfres

W

Pc
(2.3.99)

On one hand, the stored energy (W ) in a certain volume can be calculated by using the electric or
magnetic fields based on the Ampere equation. The formulation for stored energy is the following:

W = ϵ0

2

∫∫∫
V

|E⃗|2dV = µ0

2

∫∫∫
V

|H⃗|2dV (2.3.100)

On the other hand, the dissipated power, Pc = Rs

2
∫∫

S
|H⃗|2ds, is caused by surface resistance, Rs = 1

σδ ,
where δ and σ are skin depth and conductivity of the material, respectively. Because of skin depth, not
all the wall’s thickness can be used for the current flow. This limitation of the conductor available section,
causes an increase in the impedance and increases the losses. Looking at surface resistance definition, a
higher conductivity implies higher quality factors.

There are three different types of quality factors depending on the connections the cavity has to external
components.

• Unloaded quality factor, Q0 = ωres
W
Pc

, depends on the losses due to the walls or conductivity without
any connections.

• External quality factor, Qe = ωres
W

Pext , measures the losses caused by connecting the cavity to external
circuits, as generators, power couplers, etc.

• Loaded quality factor, Ql = ωres
W

Pext+Pc
, defines whole system losses.

The relation between the three types is:
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1
Ql

= 1
Q0

+ 1
Qe

(2.3.101)

An RF cavity can be modeled as the following parallel RLC circuit:
I

CLRV

Figure 2.29 – Circuital model of an RF cavity

So, the input impedance seen from the voltage source can be denoted as:

Zin =
(

1
R

+ 1
jωL

+ jωC

)−1
= R

1 + jR(ωC − 1
ωL )

(2.3.102)

The definition of the resonance state of a parallel RLC circuit states that voltage and current must be
in the same phase, the complex term of Zin is zero and the resonance angular frequency is ωres = 1√

LC
. To

be able to determine Q0, it is necessary to found the energy dissipated in the walls and the stored energy,
Equation 2.3.99. The only losses in Figure 2.29 are the ohmic ones, defined as:

Pc = |V |2

2R
(2.3.103)

Also, C and L generate an electric and magnetic energy that is stored and expressed as:

Welectric = |V |2C

4 (2.3.104)

Wmagnetic = |V |2

4ω2L
= |iL|2L

4 (2.3.105)

Introducing Equations 2.3.103, 2.3.104 and 2.3.105 into the Q0 definition, we achieve the quality factor
in terms of passive components and the ωres.

Q0 = ωres
W

Pc
= R

ωresL
(2.3.106)

To obtain the external quality factor, we add another RL resistor in parallel with the other passive
components, and Qe = RL

ωresL is defined.

To calculate the equivalent impedance of the circuital model, ωres = 1√
LC

can be rewritten as C = 1
ω2

resL

and inserted into Equation 2.3.102.
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Zin = R

1 + j R
L ( ω

ω2
res

− 1
ω )

(2.3.107)

where ω2−ω2
res

ω2
resω = (ω−ωres)(ω+ωres)

ω2
resω and we assume ω ≈ ωres → ω + ωres

∼= 2ωres. To associate with Q0,

this equation becomes ω2−ω2
res

ω2
resω = 2

ωres

(
(ω−ωres)

ωres

)
so the input impedance seen from the generator is:

Zin = R

1 + jQ02
(

ω−ωres

ωres

) (2.3.108)

To ensure maximum power transmission, the transmission line that connects the voltage source and the
cavity have to be coupled, Figure 2.30. This relation is defined by the coupling coefficient (β) and it is
related to the external quality factor. The relation between β and Qe, using Equation 2.3.108 in resonance
condition, Zin = R, where ω = ωres and Q0 = R

ωresL 0. To obtain as much power transmission as possible,
Zin = Z0, so Qe = Z0

ωresL=Q0
. Equation 2.3.101 states the Ql is equal to half of Q0. Coupling coefficient is

defined as β = Q0
Qe

= R
Z0

. Then, if β < 1 we have an under coupling state, if β = 1 the coupling is called
critical and if β > 1 we have over coupling.

CLRZ0

Figure 2.30 – Transmission line connected to an RF cavity

2.3.2 BLAS Cavity

In this section, the BLAS RF cavity will be presented, Figure 2.31. Firstly, the physical characteristics
are going to be presented. Then, an S parameter characterization of the cavity will be performed.
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Figure 2.31 – BLAS RF cavity

2.3.2.1 Physical characteristics

The BLAS cavity is a pillbox type one made from brass. Being a pillbox cavity means it has a cylindrical
shape in which the resonant frequency will be given by the radius of the cylinder, independent of the width,
as explained in 2.3.1. The radius of this pillbox cavity is 506 mm, the width is 20 mm and the thickness is
6 mm. This thickness needs to be bigger than the skin effect, which determines the depth of conductor that
is transmitting an AC signal. The skin effect depth comes from Equation 2.3.109, [1].

δ (mm) =
√

ρ

πf0µrµ0
=

√
7.5

π · 175 · 106 · 1 · 4 · π · 10−7 = 0.1042 mm (2.3.109)

Where ρ = 7.5 µΩ · cm is the resistivity of brass [23], f0 = 175 MHz the frequency used, µr = 1 the
relative permeability as brass is a non-ferrous metal [18], µ0 = 4 · π · 10−7 is the permeability in free space.
So, in our case, the cavity must have more than 10.42 µm.

In order to introduce the 175 MHz signal into the cavity, there are 3 ports. These ports are pick up
antennas that are used to introduce the signal into the cavity, or used as feedback from the cavity’s fields,
Figure 2.32. The connector used is a 7/16". The assembly of the 7/16" pigtail is in Appendix B.
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(a) Inside of a cavity port (b) Outside of a cavity port
Figure 2.32 – Cavity port

Apart from the three ports, the cavity has a nose cone in its centre. As it will be seen in Chapter 3, this
is used to focalize the electric field in the centre, where the particle beam is passing through. The nose cone
consists of two pieces, Figure 2.33, bolted to each side of the cavity.

(a) Nose cone bolted part (b) Inside part of nose cone
Figure 2.33 – Nose cone

The resonant frequency of the pillbox cavity is 175 MHz. However, when a particle beam is introduced,
this frequency changes as the particles are conductive material. In this case, on both sides of the cavity,
there is a cylindrical tuner, that can be moved inside the cavity to decide how much of the brass cylinder
to introduce inside it, Figure 2.34. As this changes the geometry of the cavity, it changes the resonant
frequency. So, when the particles are accelerated, using these tuners, the cavity can return to the resonant
frequency of interest.
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(a) Tuner from outside

(b) Tuner from the inside of the cavity
Figure 2.34 –

2.3.2.2 Cavity characterization

Finally, the RF cavity will be characterized by its S parameters. The maximum adaptation will be
achieved if only port is coupled with the inside fields. A port to be coupled, the antenna needs to be parallel
to the electric field, Figure 2.35, port 3.
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1 2 3
E

Figure 2.35 – Coupled port example

Proceeding with 3 port characterization, the results are very clear, Figure 2.36. The only port to present
a resonant frequency is port 3 because it is the only one to have its reflected S parameter (S33), below zero.
In this case, the adaptation is around -14 dB.

Figure 2.36 – Cavity’s S reflected parameters

Moreover, the E5071C VNA, can calculate the bandwidth and the Q factor of the cavity, Figure 2.37.
The Q factor of the cavity is 15238 and the bandwidth is 11.48 kHz.
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Figure 2.37 – Cavity’s Q factor and bandwidth
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Chapter 3

Electromagnetic cavity simulations

3.1 Introduction

The main goal of this chapter is to simulate the BLAS’ electromagnetically RF pillbox cavity to
understand its behaviour and compare it with the experimental results obtained in Section 2.3.2. In order
to simulate electromagnetic fields, the software Ansys HFSS will be used. This software gives the
possibility to choose between different types of solutions, for this project, two will be used. The first one,
Eigenmode, provides results in terms of eigenmodes (or resonant frequencies) of a given structure. The
solver provides the resonant frequencies as well as the fields at a particular resonant frequency. On the
other hand, HFSS Modal, This option yields S-matrix solutions that are expressed in terms of the incident
and reflected powers of transmission line modes [3]. Moreover, the steps to replicate the simulations
performed will be explained in the following sections. The simulated geometries will be designed in and
imported into HFSS.

3.2 Simple cavity

In this section, the simplest cavity geometry is going to be simulated. It consists of a hollow cylinder,
the other components from the cavity as the tuners, pickups, and nosecone will be added progressively to
be able to understand the behaviour of each. The goal of this simulation is to find the resonant frequency
of the cavity.

3.2.1 Theoretical cavity

Following Equation 2.3.98, the diameter needed to design a 175 MHz cavity is 1.31 meters, which does
not coincide with the BLAS’ RF cavity diameter of 1 meters. The reasoning behind this is the geometry of
each cavity, in further sections the dependency between the resonant frequency and the extra components
of the BLAS’ will be discussed.

Firstly, the eigenmode simulation will be done with the 1.31 meter diameter cavity, to check Equation
2.3.98. As stated in Section 2.3.1.5, the cavity’s width does not affect the resonant frequency’s results. The
real BLAS’ cavity’s length will be used, 200 mm. In this simulation, the steps followed to manage Ansys
HFSS and the geometry will be explained. The first step is to open an HFSS file and import the geometry
model from , Modeler → Import → Select file. In Figure 3.1, the model is depicted, as mentioned before, it
consists of two solids, the cavity itself (brass) and the filling (air).
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(a) Whole view (b) Section view
Figure 3.1 – 1.31 meter diameter cavity’s geometry

On the other hand, in Figure 3.2, a screenshot of the HFSS screen is shown, after importing the geometry.

Figure 3.2 – geometry imported into Ansys HFSS

Then, the material of each body must be assigned. In this case, the outer body will be brass, and the
inner body, air. In order to assign a material, right-click on the solid → assign material and select the desired
material, to load its characteristics. The reason why two solids are needed is that Ansys HFSS requires a
body capable of resolving electromagnetic fields inside it, a dielectric material. Ansys HFSS is not able to
solve these fields inside conductors. In Figure 3.3, a screenshot of both material properties is shown.

Andoni Pérez Segura



3.2. Simple cavity lxxiii

3

(a) Air properties (b) Brass properties
Figure 3.3 – Materials properties in Ansys HFSS

The solve inside option is only available on air (dielectric), and not in the brass (outer conductor). If
this option is activated in a conductor, Figure 3.4 warning is shown. As it is only a warning, the simulation
can be run, but it becomes much slower.

Figure 3.4 – Ansys HFSS solve inside warning

Once the materials are assigned, it is time to set the simulation wanted. Firstly, the type of simulation
is selected, eigenmode in this occasion, HFSS → Solution Type. . . → Eigenmode. Then, the simulation
parameters are fixed in Simulation → Setup, Figure 3.5. The number of modes to simulate is only the
dominant one, the minimum frequency has to be set to a value below the expected resonant frequency, and
the maximum number of passes and delta frequency are not critical but can make the simulation as precise
as needed.
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Figure 3.5 – Ansys HFSS solve inside warning

Before running the simulation selected, it is important to fix the energy of each mode of transmission.
By default, mode 1 is given 1 J, and no energy to the rest of the modes, Figure 3.6. As the main goal is the
resonant frequency, the modes energies will stay as default. This can be changed in HFSS → Fields → Edit
Sources.
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Figure 3.6 – Ansys HFSS eigenmode sources

As in every geometry simulation software, a mesh has to be set, depending on the mentioned simulated
geometry. By clicking on Simulation → Mesh Settings, the mesh can be modified, Figure 3.7. For a cylindrical
cavity, it is recommended to click the Apply curvilinear meshing to all curved surfaces option, as the default
mesh is planar. Moreover, as the geometry is still not complex, a fin mesh can be selected. The finer and
larger the mesh is, the more time it will take the simulation to finish, but it will be more precise.
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Figure 3.7 – Ansys HFSS mesh settings

Finally, to run the simulation, HFSS needs to validate the different components that define the simulation
as the design settings, 3D model, and setup, among others, click on Validate, red in Figure 3.8. After
validating, the simulation starts after clicking on Analyze All, yellow in Figure 3.8.

Figure 3.8 – Ansys HFSS validation check

After the simulation is finished, results can be consulted by right-clicking on Results → Solution Data...,
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Figure 3.9.

Figure 3.9 – Ansys HFSS validation check

The final results are shown in Table 3.1. The resonant frequency of a cylindrical cavity of 1.312 meters
diameter is 175.134 MHz. This frequency differs from the theoretical one by a little more than a hundred
kHz, which could be due to different factors such as the mesh, the number of passes, or the delta frequency
per pass. Moreover, the Q factor, explained in Section 2.3.1.6, is of 15895.2. The Q factor defines the
relationship between the resonant frequency and the bandwidth of the cavity, Equation 3.2.1.

Q = fres

BW
(3.2.1)

Eigenmode Frequency (MHz) Q Factor Bandwidth (kHz)
Mode 1 175.134 15895.2 11.018

Table 3.1 – Eigenmode results for theoretical cavity

Furthermore, HFSS is able to plot the electromagnetic fields from inside the cavity. In Figure 3.10, the
electric field is depicted. As expected, Figure 2.28, the electric field is parallel to the axis of the cavity and
is more intense in the centre of it.
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Figure 3.10 – Theoretical cavity E field vector

Furthermore, the magnetic field behaves as in Figure 2.28. This field is depicted in Figure 3.11.

Figure 3.11 – Theoretical cavity H field vector

Andoni Pérez Segura



3.3. Nose cone lxxix

3

3.2.2 BLAS simple geometry cavity

In this subsection, the same simulation will be run as in the previous section, but changing the geometry’s
diameter to the one of the BLAS, 1 meter. As the previous steps to running the simulation have already
been explained, from now, only the results will be shown.

Following Equation 2.3.98, a cavity of this diameter should have a resonant frequency of 229.66 MHz.
The simulation’s results are shown in Table 3.2. As happened before, the theoretical and the simulated
frequencies are only separated by a hundred kHz. Moreover, the Q factor has increased with respect to the
cavity with a bigger diameter, as the bandwidth did also.

Eigenmode Frequency (MHz) Q Factor Bandwidth (kHz)
Mode 1 229.56 16578.1 20.834

Table 3.2 – Eigenmode results for simple geometry BLAS cavity

Finally, the E field vector and H field vector share the same direction as their counterparts in the
theoretical cavity. It is relevant to note that the electric field intensity has increased, with respect to the
previous geometry, Figure 3.12. For now, the main goal is to detect the behaviour of cavities depending on
their geometry, not the exact field values. So, it can be concluded the smaller the cavity, the bigger the
resonant frequency, Q factor, bandwidth, and the fields inside, having the same field source.

Figure 3.12 – BLAS’ simple geometry cavity E field vector

3.3 Nose cone

From this section and onwards, components will be added to the previous geometry, 1 metre diameter
cavity, that will affect their resonant frequency, as geometry changes. The first component to add will be
the nose cone. As mentioned in Section 2.3, the nose cone is used to focalize the E field in a certain part of
the cavity, where the particle beam will enter, to maximize the acceleration.

175 MHz Cavity Electromagnetic Simulation & Design of a Particle Accelerator Control System



3

lxxx Chapter 3. Electromagnetic cavity simulations

The inside of the geometry to simulate is shown in Figure 3.13 and 3D Figure 3.14.

(a) Nose cone cavity section view (b) Nose cone cavity section view
Figure 3.13 – Two different nose cone cavity section views

Figure 3.14 – 3D section view of the nose cone cavity

A detailed view of the nose cone is depicted in Figure 3.15 and 3.16.
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R10

⌀ 170 mm

⌀ 150 mm

⌀ 80 mm
R3

Figure 3.15 – Nose cone detailed view

Figure 3.16 – 3D nose cone geometry

Furthermore, the eigenmode results for the dominant mode are shown in Table 3.3
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Eigenmode Frequency (MHz) Q Factor Bandwidth (kHz)
Mode 1 172.828 13424.7 12.874

Table 3.3 – Eigenmode results for nose cone cavity

Moreover, to appreciate the behaviour of the electromagnetic fields in the cavity, and to check if the nose
cone idea is correct, the electric field will be plotted in the XY, XZ, and YZ planes, Figure 3.17.

(a) Nose cone cavity E field in XY (b) Nose cone cavity E field in XZ

(c) Nose cone cavity E field in YZ
Figure 3.17 – Nose cone cavity E field in planes XY, XZ, YZ

Compared with the E field in the nose cone less cavity, Figure 3.12, the E field is much bigger with the
nose cone, nearly 10 times bigger. The zones with higher field are concentrated towards the beam particle
zone. This will translate into faster accelerations when a particle enters the cavity.

3.4 Tuner geometry cavity

As mentioned in Section 2.3, the cavity has two cylinders used to tune the cavity by changing its geometry,
depending on the length of cylinder introduced.
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3.4.1 1 tuner geometry

Firstly, the behaviour of only one tuner will be studied, by measuring the resonant frequency in a tuner
length sweep. The frequency for the dominant mode will be noted for different tuner lengths. In Figure
3.18, a section view of the geometry is depicted for a tuner of 50 mm and 100 mm long. The diameter of
the cylindrical tuner is 150 mm, as in the real cavity.

(a) Section view of
cavity with 1 tuner

(b) Section view of cavity with 1 tuner of 50 mm long

(c) Section view of cavity with 1 tuner of 100 mm long
Figure 3.18 – Cavity geometry with 1 tuner

The sweep was made from 50 to 200 mm, in steps of 50 mm. Results are shown in Table 3.4. The
simulation indicates, the bigger the tuner, the higher the resonant frequency will be. So, if in the application
the cavity is used, there is a need to tune towards a higher frequency, it can be achieved by introducing more
of the cylindrical tuner inside the cavity.
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Eigenmode Tuner Length (mm) Frequency (MHz) Q Factor Bandwidth (kHz)
0 172.828 13424.7 12.8743
50 173.05 13146.4 13.163
100 173.579 12747.3 13.617
150 174.443 12233.8 14.259

Mode 1

200 175.23 11573.7 15.140
Table 3.4 – Eigenmode results for nose cone and one tuner cavity

3.4.2 2 tuner geometry

In this subsection, a second cylindrical tuner will be added to the geometry, as in the real cavity. The
geometry is depicted in Figure 3.19. Both tuners are separated by 120º.

Figure 3.19 – Cavity geometry with 2 tuners, 100 mm and 50 mm long, respectively

The simulation results are shown in Table 3.5. This time, the sweep was done for the newly added tuner,
while the previous one was fixed to 50 mm long. As happened with the other tuner, the longer the tuner,
the higher the resonant frequency.

Eigenmode Tuner Length (mm) Tuner Length (mm) Frequency (MHz) Q Factor Bandwidth (kHz)
0 0 172.828 13424.7 12.874
50 50 173.396 12880.6 13,462
50 100 174.239 12904.1 13.503
50 150 174.847 12653.2 13.818

Mode 1

50 200 175.668 12330.3 14.247
Table 3.5 – Eigenmode results for nose cone and two tuner cavity
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3.5 Pick up ports

In this section, the last component will be added, the pick up ports. In this case, both simulation
types will be realised, the eigenmode and modal types. For the eigenmode type, the pick up ports will
be introduced progessively, to study the impact on the resonant frequency. For the modal simulation, the
geometry to simulate is going to be the one with the three ports, because is the real geometry and the one
to have the 2 kW inserted.

3.5.1 1 port geometry - Eigenmode

In this geometry, only one port will be added. The mentioned geometry is depicted in Figure 3.20. The
size of the pick up is the same as the one the real cavity uses and there are no tuners inside. The results for
the resonant frequency are shown in Table 3.6.

Figure 3.20 – 1 port cavity geometry

Eigenmode Tuner Length (mm) Tuner Length (mm) Frequency (MHz) Q Factor Bandwidth (kHz)
Mode 1 0 0 172.935 13383.4 12.921

Table 3.6 – Eigenmode results for 1 port cavity

Adding a port to the cavity, makes the resonant frequency to go up a hundred kHz. Easily tuneable using
the tuners.

3.5.2 2 port geometry - Eigenmode

The analysis for this geometry will be the same as the previous one. In Figure 3.21, the two port cavity
is depicted.
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Figure 3.21 – 2 port cavity geometry

The results for the eigenmode simulation are shown in Table 3.7. The addition of another port, kind of
counters the increase in the frequency of resonant value, caused by the addition of the first pick up port.

Eigenmode Tuner Length (mm) Tuner Length (mm) Frequency (MHz) Q Factor Bandwidth (kHz)
Mode 1 0 0 172.875 13352.2 12.947

Table 3.7 – Eigenmode results for 2 port cavity

3.5.3 3 port geometry - Eigenmode

Finally, the last geometry will be simulated. This 3 port geometry is the one that resembles better the
geometry of the real cavity form BLAS, Figure 3.22.
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Figure 3.22 – 3 port cavity geometry

Results are shown in Table 3.8. As happened in the 1 port cavity geometry, the resonant frequency
increases in around hundred of kHz. It seems like each new port counters the behaviour of the previous one.
This coulb be interesting for future works, as it is not going to be developed in this project.

Eigenmode Tuner Length (mm) Tuner Length (mm) Frequency (MHz) Q Factor Bandwidth (kHz)
Mode 1 0 0 172.949 13341.1 12.963

Table 3.8 – Eigenmode results for 3 port cavity

3.5.4 3 port geometry - Modal

The geometry to simulate is the same as the previous subsection, but not the type of simulation.
Implementing a modal simulation means some modifications are needed to run it. As mentioned at the
beginning of this chaper, a modal simulation is the one that calculates the S parameters of a passive
component. So, if S parameters are calculated, the geometry needs RF ports, and, minimum, an input
signal. The steps to run a modal simulation are the following.

Firstly, the simulation must be changed, HFSS → Solution Type... → Modal. Then, the excitations
must be set. HFSS referes as excitations to the ports of the device. An excitation is set by selecting a face
from RF connectors, and this face must be of a material with the solve inisde option selected, not he proper
conductor that will transmit the signal. In Figure 3.23 and example is depicted. The face of the connector’s
dielectric is selected (pink).
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Figure 3.23 – Example of excitation selection in HFSS

While the face is selected, right click on it Assign Excitation → Port → Wave. Then, it is only necessary
to give it a name. Finally, the input signals have to be set, by HFSS → Fields → Edit Sources..., Figure
3.24.

Figure 3.24 – Default sources configuration in HFSS

Once the steps to prepare the geometry for a modal simulation are clear, the 3 port geometry will be
simulated. In this geometry, only one of the three pick up ports will be coupled, one will be parallel to the
electric field, or perpendicular to the magnetic field, and the other two will be perpendicular to the electric
field, or parallel to the magnetic field, Figure 3.25.
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Figure 3.25 – Pick up orientation, one coupled (centre)

Next, the three ports are set as wave ports. The coupled port will be number 1. Moreover, the input
power will be of 2 kW in port 1, as is the one coupled, the port that will introduce the RF signal into the
cavity to create the electromagnetic fields. In order to calculate the S parameters a frequency sweep must be
defined. In this case, as we know from the eigenmode result, the resonant frequency must be around 172.949
MHz, so the sweep set is between 171 and 175 MHz.

To be able to prove, only port 1 is coupled, the three S reflection parameters (S11, S22, S33) have been
depicted, Figure 3.26. The results are the expected ones, as the only port to present a resonant frequency
is port 1, the coupled one. This means, if the 2 kW is connected to port 2 or 3 the signal will be totally
reflected, as their reflection S parameters are null. Moreover, a resonance of -12 dB means the 25 % of the
signal will be reflected. Considering the cavity will work with high power, the ports could be redesigned to
maximize the transmitted power, and not damage the previous RF components with the reflected power.

Figure 3.26 – 3 port cavity reflection S parameters

Moreover, the cavity’s bandwidth is depicted in Figure 3.27. The resonant frequency of the cavity in
modal analysis is of 173.3638 MHz, that differs with the one obtained in the eigenmode results, 172.949
MHz 3.8. By being both geometries the same one, it was expected for both resonant frequencies to be the
same. Despite not having any explanation in the HFSS of why this can occur, the possible answer is the way
the signal is entering the cavity. As for the eigenmode simulation there is no clear input port, the software
introduces the RF signal "magically" inside the cavity. Whereas, in the modal simulation, an excitation has
to be defined and is where the RF signal is transmitted. Furthermore, the -3 dB bandwidth is of 9.4 kHz,
calculated with markers m2 and m3.
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Figure 3.27 – 3 port cavity S11

Finally, the simulated electric field is depicted in Figure 3.28. As in previous occasions, the electric field
will be plotted for planes XY, XZ and YZ. By the colour chart, the electric field expected in the particle
beam path with 2 kW of RF signal is around 6 MV/m. As stated in section 3.3, the nose cone help to
intensify the electric field towards the centre of the cavity, but does not focalize exactly in the particle beam.
So, the electric field could be higher with a better design.
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(a) Nose cone cavity E field in XY (b) Nose cone cavity E field in XZ

(c) Nose cone cavity E field in YZ
Figure 3.28 – Final cavity E field in planes XY, XZ, YZ

3.6 Conclusions

After all the simulations and results provided, this section will summarize the studied cavity behaviour.
Foremost, the BLAS’ cavity diameter does not coincide with the diameter resultant from Equation 2.3.98
for 175 MHz cavities. It has been proved that the addition of different components inside the cavity alters
the resonant frequency of it.

Moreover, the introduction of a nose cone, is helpful to focalize and intense the electric field around the
centre of the cavity. However, this nose cone design could be upgraded to have the maximum field values
in the particle beam path. Furthermore, to counter the conductive behaviour of the charged particles from
the beam, and the change in the cavity’s resonant frequency that causes, the cylindrical tuners are used. By
introducing only 50 mm of tuner, the frequency changes in around half MHz.

Finally, the introduction of pick up ports to insert the RF signal and use them as feedback from the
cavity, also varies the resonant frequency. This variation is not as relevant as the previous components, but
has to controlled. The simulated cavity has an adaptation on its coupled port of -12 dB and a bandwidth
of 9.4 kHz. This information is essential in order to design the RF components that follow or precede the
cavity, as the expected reflected power is known, and the bandwidth for the input signal. In order to know
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the acceleration the cavity provides, the electric field has been calculated inside the cavity. With an RF
signal of 2 kW, the particles will experiment an electric field of around 6 MV/m. In Section 2.3.2.2, the
characterization measured a bandwidth of around 12 kHz and a Q factor of somewhere near 15000. These
results are quite similar to the ones obtained in Table 3.8. So, it can be concluded the simulations done are
pretty accurate with the practical results.
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Controller

4.1 Introduction

In this chapter, the system control design will be approached. The main goal is to interconnect and
monitor all the equipment available in the GranaSAT laboratory. In Figure 4.62, the desired final system
control diagram is depicted. The measurement equipment is formed by the Agilent Technologies N9020A
signal analyzer and the Anritsu MS2830A signal analyzer that can also act like a signal generator. Both
pieces of equipment will be in charge of analysing the signals coming from the SSPA drawer’s directional
couplers. Moreover, in Figure 4.62, an LLRF appears. An LLRF, is a device in charge of generating a
low-level RF signal, like and . This LLRF was going to be designed as part of another different parallel
project from the GranaSAT laboratory. However, the mentioned project was delayed and as the LLRF the
Anritsu MS2830A signal analyzer will be used. As seen in section 2.3.2.2, a small frequency drift, and the
behaviour of the system could drastically change. To avoid these drifts, a synchronization network has been
implemented, to have all the measurement equipment of the laboratory using the same reference signal for
their local oscillator. The implementation is explained in Appendix C.

Frequency 
Synchronization

Raspberry Pi 4

10 MHz 
reference signal

IP: 192.168.1.16/24

IP: 192.168.1.13/24 IP: 192.168.1.14/24

IP: 192.168.1.14/24

IP: 192.168.1.2/24

IP: 192.168.1.15/24

Figure 4.1 – System control block diagram
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Moreover, in order to manipulate the BLAS control signals, presented in Section 2.2.7, and the RF
signals coming from the directional couplers, two PCBs will be designed. Both PCBs will be controlled by a
Raspberry Pi 4 with a 7" touchscreen. Furthermore, there are two PCs with EPICS running, Input/Output
Controller (IOC)s or Client WorkStation (CWS), as will be explained in Section 4.4.2. Apart from these two
PCs, other PCs or laptops can be added to the laboratory’s LAN. As a resume, the idea is to monitor both
signal analysers, the BLAS control signals and the power from the directional couplers (via the Raspberry
Pi 4), using an EPICS IOC and CWS tool (Control System Studio (CSS)).

4.2 Electronic Instrumentation

One of the requirements for this project was the implementation of libraries to remotely control the
various pieces of measurement equipment from the GranaSAT laboratory, and the documentation behind
these libraries. The documentation will be crucial for further students to be able to get this code and use
it without issues. To develop these libraries and test them, Jupyter Notebook has been used. Jupyter
Notebook is a great tool when it comes to documentation, as in the same document it is possible to mix
Python code and Markdown text. These libraries are apart from the EPICS implementation and can be run
in any Python environment. The pieces of equipment to be remotely controlled using Jupyter Notebook are:

• Agilent Technologies N9020A Signal Analyzer (Appendix E.1)

• Anritsu MS2830A Signal Analyzer (Appendix E.2)

• Agilent Technologies MSO-X-4140A Oscilloscope (Appendix E.3)

• Agilent Technologies E5071C VNA (Appendix E.4)

• Marconi Instruments 2022D Signal Generator (Appendix E.5)

The common language to communicate with these types of pieces of equipment is Standard Commands
for Programmable Instruments (SCPI). Using Python libraries, these SCPI commands can be sent to the
devices. For instance, the print("Hello world") equivalent to SCPI would be *IDN?. This command asks
the device to identify itself. The Python libraries depend on the communicating protocol to use, Ethernet
or GPIB. The documentation for the code implemented is in the appendixes referenced in the list above.

4.3 PCB

In this section, the PCBs designed are going to be presented. Two PCB are going to be assembled: the
Main PCB and an RF Voltmeter. The first one will be controlled by the Raspberry Pi, and its main goal is
to process the various signals coming from the SSPA drawer. On the other hand, the RF voltmeter will be
used to be able to measure the signal power coming from the directional couplers, without needing a signal
analyzer.

4.3.1 Design

This section will include all the thinking and decisions behind the design process for the PCBs from
this project. Once we know the different functionalities our control algorithms need, it is possible to start
organizing the different parts that will form both PCBs. A PCB design process has essentially two parts:
circuit design and modules placement. Firstly, all the circuits are planned and then, are placed and
routed into a PCB. Both process will be done in Altium Designer® 21.

The circuit design consists of implementing the circuit needed for the modules to work on SCH files. In
these files, the main goal is to describe the circuit with the components we are going to implement. However,

Andoni Pérez Segura



4.3. PCB xcv

4

not only the circuits are shown, also information about the different modules from their Datasheets and the
reasons behind the circuit planning.

Once the circuits have been implemented, we need to place them on our PCBs. This is not a banal
process, since we have to distribute the available space to have the most functional and efficient design. The
files used in this process are PCB ones, and are linked to the SCH files. This link is done via the footprint
of each component. A footprint is the arrangement of pads or through holes used to physically attach and
electrically connect a component to a PCB. The land patterns on a circuit board matches the arrangement
of leads on a component. The way Altium Designer® 21 associates the SCH symbols to the footprint is via
pin numbers and pad numbers, respectively. Consequently, it is especially important to maintain the pin
enumeration on both the SCH symbols and on the footprint.

Furthermore, as the footprint is the physical representation of the element, the size must be similar to
the real element. For implementing each module footprint, we should follow the datasheet recommended
PCB land pattern. As an example of all this process, we will refer to Figure 4.2 for the SCH symbol of the
ADC ADS115 from Texas Instruments. The footprint associated to this symbol can be observed in Figure
4.3.

Figure 4.2 – Symbol for the ADS115

Note that for implementing the footprint we have followed the PCB land pattern on the Datasheet (Figure
4.4) [13]. The measurements unit from Figure 4.3 is mills, and the one from Figure 4.4 is mm. Doing the
conversion from one unit to the other one, we can ensure the footprint is correct. In most of the cases,
instead of having to create a new footprint from scratch, it is possible to find them on the manufacturer’s
or distributor’s website.

Figure 4.3 – Footprint for the ADS115
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Figure 4.4 – Land pattern for the ADS115 from its Datasheet

The last thing we have to mention it that Altium Designer® 21 allow us to observe the 3D model of our
design, therefore for each module we need to also include the 3D model (Figure 4.5). This is very useful to
be able to have an idea of how the final PCB will look like, and the space the component will occupy.

Figure 4.5 – 3D body for the ADS115

4.3.1.1 Steps for a good PCB design

Just before starting the module placement phase, it is necessary to have clear and take into account
different aspects that could modify the way of designing your PCB.

• PCB production technology: The main item we need to consider before starting to design our
PCB design process is the technology we are going to be using to do such a thing. In our case, we
can choose between manufacturing in the GranaSAT laboratory or having it produced in China. Since
the elements we are going to use are quite restrictive in terms of size and routing, we will proceed to
send it to be produced in China. This decision has been made taking into account the fact that in
the laboratory we do not have the possibility of finishing the PCB with a solder mask layer, therefore
the space between elements for manual soldering should be large enough not to risk making any short
circuit. To sum up, our production is going to be made by JLPCB manufacturer [15].

• Capabilities: Once we have decided the manufacturer of our PCBs, it is important to know exactly
how their production work and what of kind of restrictions they have, this is called capabilities. In
our case, JLPCB’s capabilities can be checked in this link. Manufacturing our PCBs in China gives us
the opportunity to be more flexible as their machines can produce PCBs of different thicknesses with
better tolerance, dimensions and other characteristics that the machine from our laboratory cannot.
The final features chosen are the following, stated in Table 4.1.
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Layer Count 2
PCB Qty 5
Material FR-4 Standard Tg 130-140C

Dielectric Constant 4.5 (double-side PCB)

Dimension
Rounded 60x60

Rectangular: 100x100
Board Thickness 1.6 mm

Thickness Tolerance
10%
0.1%

Finished Outer Layer Copper 1 oz (35 µm )
Finished Inner Layer Copper 0.5 oz (17.5 µm)

PCB Colour Blue
Silkscreen White

Table 4.1 – PCB capabilities chosen for both PCBs in JLCPCB [15]

• PCB design rules: Another item that depends on the production technology and that we have to
take into account whenever designing a PCB are the designing rules. These rules will give us the space
needed between each element, the maximum and minimum hole size, the minimum and maximum
track size, etc. In our case, this rules can be directly downloaded from their site and imported to
. The rules can be found in this GitHub link. These rules were written by an engineer, external to
JLCPCB to ease the designing process. Some rules are shown in Figure 4.6 as an example of the type
of characteristics that are restricted when manufacturing a PCB, depending on the number of layers
and the layer’s copper weight.

Figure 4.6 – Rules for a 2 layer PCB produced in JLCPCB

• Mounting technology: Once we know the PCB production features and their designing rules, we
will need to decide which mounting technology is best for our device. In PCB design, as in many
engineering aspects, the less space you need, the better. In this case, the best technology is using
SMD components. Even though this is the best technology, some elements are not available on this
technology (such as the buzzer or the temperature sensor) or are required to be THT (such as the
pin header for connecting both boards and the Raspberry Pi), therefore we will be using also THT
although in less proportion.

• Package types: Depending on the device we are going to use, different packages may be available.
Therefore, we will need to be choosing which one we want to use. For instance, the SMD resistor and
capacitor can be found in different sizes such as 1005, 0201, 0402, 0603, 0805, 1008, etc. For choosing
which is best, we will be considering whether we plan to be soldering them manually or not. As we
intend to solder them manually we will choose the smallest size we could solder easily by hand (usually
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we will use 0805 capacitors and resistors which are the smallest size available on the laboratory stock).

Once we have explained all the previous steps that have to be made before starting the PCB design
process, it is time to detail the steps followed for both of the PCBs produced for this work. Below, for
each PCB, all the SCH files are explained, the components selected, with justification if necessary, and the
posterior routing and placement in the PCB.

4.3.1.2 Main PCB

As mentioned before, the denominated Main PCB, is the one in charge of processing the signals that
come from the BLAS, so is the one that is directly connected to the Raspberry Pi. Now, the two phases of
a PCB design process, stated at the beginning of Section 4.3.1, will be detailed.

4.3.1.3 Circuit design - Main PCB

As stated earlier, the circuit design process is based on the design of the different circuits that are needed
in the PCB. For this, a list, with the essential functionalities of the PCB was made. By writing this list, it
is possible to visualize the different circuits to think about. The list is the following:

• BLAS’ control signals process: Circuitry is needed to adapt the control signals’ tension coming
from the BLAS or vice versa for the output ones. However, not all the signals need the same treatment.
For instance, the water flow measurement signal only needs to adapt its tension range, although, the
signal that indicates the output power from the amplifier (PD_MI), needs to be processed by an ADC
before going to the Raspberry Pi GPIO pins.

• Power supply: This PCB needs to be able to supply the power needed for the Raspberry Pi and the
touchscreen.

• Sensor management: Will have to design the circuits capable of reading and processing the
information coming from the PT100 in the BLAS and the temperature and humidity sensor will add
to this PCB. For instance, for the PT100, will need an ADC.

• Indicators: There will be different indicators such as LEDs, reset button and a buzzer.

• LCD and rotary: An LCD and a rotary will be connected to the Raspberry Pi via this PCB, so it
is necessary to design the proper circuits for these connections.

Once it is clear the different functions our Main PCB needs to achieve, it is possible to divide this circuit
design process into several modules, each one will have an SCH file associated. Now, the SCH files for our
Main PCB are going to be explained, including the components used.

Power Supply:

As stated in the previous list, we need to supply power to the Raspberry Pi and the touchscreen. As
mentioned in [20], the Raspberry Pi 4 model B needs a power supply capable of delivering 5 V at 3 A. Figure
4.10 shows the SCH file for the power supply circuit. To obtain 5 V at 3 A, we will use the 12 V coming
from the BLAS and a voltage regulator. The company Texas Instruments has a free tool called WEBENCH
POWER DESIGNER, that given different parameters designs a circuit suitable to the specifications needed.
So, we indicate that the input voltage will be 12 V, the output one will be 5 V, and the maximum current
we need is 3 A. The results given are shown in Figure 4.7
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Figure 4.7 – WEBENCH POWER DESIGNER tool

This tool suggests the different voltage regulators Texas Instruments offers to use. In this case, we will
use the 3 A voltage regulator called LM2576SX-5.0/NOPB. This voltage regulator is designed to be used as
follows:

Figure 4.8 – LM2576 implementation [14]

The circuit from Figure 4.8 is the implementation philosophy suggested in the component’s datasheet
[14], that coincides with the one given by the tool WEBENCH POWER DESIGNER. Furthermore, this
tool, not only suggests the voltage regulator and the circuit’s topology, but also the other components. The
components used in Figure 4.10 are the ones proposed by WEBENCH POWER DESIGNER.

However, we need to protect our circuit from possible tension changes that can occur in the 12 V source.
To do so, we will use the smart high side switch called ITS4200 from Infineon Technologies. The block
diagram of the ITS4200 is shown in Figure 4.9. High-side switches are used to turn electrical loads ON and
OFF by switching the positive (high-) side of the load supply. Additionally, smart high-side switches are
designed with the ability to protect themselves and diagnose possible unintended system behaviour. Hence,
we now have our Raspberry Pi protected against possible over tensions coming from the source.
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Figure 4.9 – ITS4200’s Block Diagram [10]
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Figure 4.10 – Power supply SCH file
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PT100 signal process:

As explained before, a PT100 is a resistance temperature detector, made of material Platinum (PT), and
its resistance value at 0 °C temperature is 100 Ω. Hence, the name is PT100. The impedance of the PT100
is dependant of the temperature, as Equations 4.3.1 and 4.3.2 state:

Rt

R0
= 1 + AT + BT 2 (for T > 0 oC) (4.3.1)

Rt

R0
= 1 + AT + BT 2 + CT 3(T − 100) (for T < 0 oC) (4.3.2)

where RT is the impedance of the PT100 with a temperature of T , R0 is the impedance for 0 °C, in our
case, 100 Ω, A, B and C are constant variables whose values are fixed by the ICE 60751 normative as:

• A = 3.9083 × 10−3 oC

• B = −5.775 × 10−7 oC

• C = −4.183 × 10−12 oC

So, the way to know the temperature via the PT100 is by measuring the voltage drop in the resistance.
For that, it is necessary to design a constant current source, so that the voltage drop only depends on the
resistance value. Furthermore, this voltage drop needs to be between 0 and 3.3 V, so the ADC can convert
it into a digital value. The circuit that accomplishes all these requirements is shown in Figure 4.12. This
design was already done in the GranaSAT laboratory.

In Figure 4.11, the circuit simulation in LTSpice is depicted. The circuit has been designed so the
maximum voltage value of 3.3 V comes with a temperature of 80ºC (x-axis).

Figure 4.11 – PT100 LTSpice circuit simulation
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Figure 4.12 – PT100 SCH file
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ADC:

An ADC will be used to convert the analogic values available: the PT100 signal (A_Temp_3V3), two
signals from the directional couplers (P_D and P_R), and the signal PD_MI from the BLAS. The circuit,
Figure 4.13, has been designed following the specifications from the ADC datasheet [13].

As the PD_MI signal will have tension values higher than the maximum input voltage (5.5 V), a resistor
divider has been introduced. Moreover, a 4 via connector is necessary to get the P_D and P_R signals from
the RF Voltmeter PCB that will be explained in the next section. Moreover, this connector is used to power
the mentioned PCB.
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Figure 4.13 – ADC SCH file
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BLAS Control Signals:

To process the output and input signals from the BLAS, 2N7002 MOSFET will be used. As the GPIO
pins from the Raspberry Pi 4, cannot have voltages bigger than 3.3 V [20], a MOSFET inverter has been
designed using the 3.3 V from the Raspberry Pi power pins. The same is for the input signals to the BLAS
that need to be of 12 V. A 12 via connector has been chosen to connect the PCB with the BLAS Control
Signals. The circuit design is shown in Figure 4.16
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Figure 4.14 – BLAS Control Signals SCH file

175 MHz Cavity Electromagnetic Simulation & Design of a Particle Accelerator Control System



4

cviii Chapter 4. Controller

Indicators:

1 1

2
2

33

4
4

Figure 4.15 – Indicators SCH file
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Temperature sensor (DHT11):

1 1

2
2

33

4
4

Figure 4.16 – DHT11 SCH file
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LCD:

Figure 4.17 – LCD SCH file
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Rotary:

Figure 4.18 – Rotary SCH file
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Raspberry Pi pin connections:

1
2
3
4

Figure 4.19 – Raspberry Pi pinout SCH file
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4.3.1.4 Modules placement & route - Main PCB

Once all the necessary circuits are designed, it is time to place all the components on the PCB board
and route the track between them, Figure 4.20. Firstly, the size of the board has to be set, in this case, 86
x 79 mm. Then, the different components are placed on the board. The criteria followed for the placing
was leaving the power supply components in the top layer but in the inferior part of the board, as the 12 V
coming from the BLAS are located in the inferior part of the BLAS interface (Figure 2.21). On the other
hand, as the cables from the PT100 are coming from the SSPA drawer, the 2 via connector needs to be on
the right. Moreover, the 12 via connector for the BLAS control signals are located in the superior part of
the board.

Figure 4.20 – Final placement for the Main PCB 3D

Most of the components are located in the top layer, Figure 4.21, so it is easier to test the components.
However, as there is a finite space on the board, and it was the first PCB designed, some components were
placed in the bottom layer, Figure 4.22. For instance, the ADC circuit was mainly placed in the bottom
layer, which would be a problem when testing comes.
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Figure 4.21 – Final placement for the Main PCB top layer

Figure 4.22 – Final placement for the Main PCB bottom layer

4.3.2 Assembly and testing - Main PCB

In this section, the assembly of the Main PCB will be explained. First, solder paste will be placed using
the stencil. To not have the PCB moving while the solder paste is being applied, the extra PCBs will be
used, Figure 4.23
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Figure 4.23 – PCB placement for applying solder paste

Then, using a spatula (Figure 4.24), the solder paste is applied above the stencil. Once the components’
footprints are full of solder paste (Figure 4.25), the components are placed and introduced into an oven, so
the components get soldered to the PCB.

Figure 4.24 – Solder paste application
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Figure 4.25 – PCB with solder paste applied

Finally, the components from the bottom layer and the connectors are soldered manually, Figure 4.26.

Figure 4.26 – Final Main PCB top layer
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Figure 4.27 – Final Main PCB bottom layer

Once the PCB is finished tests to check the different functionalities, the main PCB was designed for,
work as desired, will be done. The mentioned functionalities are listed below:

• Power supply for the Raspberry Pi 4 and touchscreen

• Indicator LEDs

• Process BLAS control signals

• LCD

4.3.3 Power supply

The Raspberry Pi 4 requires a voltage supply of 5 V to switch on, as well as its touchscreen, in certain
pins. So, to get the Raspberry Pi 4 running, the circuit explained in Figure 4.10 is used. The mentioned
circuit can be seen in Figure 4.28, after being soldered to the PCB, inside the red lines. It is important to
point out, this circuit switches a 12 V DC signal into a 5 V one, to take advantage of the BLAS 12 V signal
supplied by the BLAS.
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Figure 4.28 – Power supply circuit, Figure 4.10, soldered into Main PCB

To examine the proper working of the circuit designed, before connecting it to the BLAS, it will be tested
using the DC power supply SPD3303X from Siglent. This device offers the possibility to limit the current
supplied to the circuit, so in case of a short circuit, damages could be avoided. Firstly, the PCB will be
supplied through the terminals, without the Raspberry Pi 4 connected to it. The current will be limited to
100 mA to avoid damage in case of a short circuit, as seen in Figure 4.29.

Figure 4.29 – Power supply test circuit without connecting the Raspberry Pi 4

If everything goes to plan, there will be a 5 V signal in the terminal prepared for it and in pins 2 and 4,
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as stated in the Raspberry Pi 4 pinout scheme, Figure ??, found inside the yellow ellipse in Figure 4.28. To
measure this signal, the MSO-X-4104A oscilloscope will be used. In figure 4.30, there is a screen capture of
the oscilloscope measuring in pin 2, obtained with the Python library elaborated to do so.

Figure 4.30 – 5 V oscilloscope measure in pin 2

It is crucial to measure all the other pins, to identify if there is only 5 V in the pins desired, as an
overvoltage in the GPIO pins would cause damage to the circuitry. The main PCB current consumption
only with the devices using 5 V and 12 V, without the Raspberry Pi 4 and the touchscreen, is of 27 mA.
Once the 5 V signal is available, the Raspberry Pi 4 will be connected but not the touchscreen, to check if
it switches on and the current consumption. In this occasion, the power supply will be limited to 400 mA,
Figure 4.31. Apparently, the Raspberry Pi 4 switches on as its LED switched on. The current consumption
of the Raspberry Pi 4 in an idle state is around 230 mA.
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Figure 4.31 – Power supply test circuit connecting the Raspberry Pi 4, but without the touchscreen

Finally, the touchscreen will be connected to obtain the final current consumption and to check if the
power supply is capable of switching the touchscreen on. The touchscreen cables are connected to the pins
prepared, blue box in Figure 4.32. The current consumption for this case is around 500 mA, being the
Raspberry Pi 4 in an idle state.

Figure 4.32 – Power supply test circuit connecting the Raspberry Pi 4 and touchscreen

By looking at Figure 4.33, the proper functioning of the power supply circuit is demonstrated, as the
touchscreen appears switched on.
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Figure 4.33 – Demonstration of the touchscreen switching on

4.3.4 Indicator LEDs

The main PCB contains two LEDs, LED1 (red) and LED2 (green). LED1’s purpose is to signal when
the Raspberry Pi 4 is busy. The red LED must switch on when pin 35 is in a high state. The code to test
the mentioned action is the following:

1

# Code to t e s t LED1

4 import RPi .GPIO as GPIO # Library to c o n t r o l GPIO pins

GPIO. setmode (GPIO.BCM) # To r e s p e c t the BCM numeration given by the
GPIO number names

7

GPIO. setup (19 ,GPIO.OUT, i n i t i a l=GPIO.HIGH) # Need to s e t as output
GPIO 19 ( pin 35) a s s o c i a t e d to the Busy net in the main PCB to a
HIGH s t a t e

10 GPIO. setwarn ings ( Fa l se ) # To d i s a b l e warnings
Listado 4.1 – LED1 Test

By running this code, there should be a 3.3 V signal or similar (high state) in pin 35, as depicted in
Figure 4.34.
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Figure 4.34 – High state in pin 35 to switch LED1 on

On the other hand, LED2 is used to know when there is a DC 5 V signal available in the main PCB,
which means the Raspberry Pi 4 is switched on. In Figure 4.35, both LEDs working are shown.

Figure 4.35 – Demonstration of the LEDs switching on

4.3.5 Process BLAS control signals

For this task, the Main PCB will be connected to the BLAS interface while connected to the Raspberry
Pi. All of the BLAS control signals will be tested at the same time with a loop code. This code shares a
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default test. The code is the following:
1

import RPi .GPIO as GPIO
import time

4 import numpy as np

Fail_0 = 11
7 Fail_1 = 7

FlowPulses = 13
ILockFlow = 16

10 ILockPatchPanel = 20

Vsel_0 = 12
13 Vsel_1 = 5

Dr ive rSta r t = 8
RFAmpStart = 6

16

GPIO. setmode (GPIO.BCM)

19 GPIO. setwarn ings ( Fa l se )

22 ## IN PINS

GPIO. setup ( Fail_0 , GPIO. IN) ## Pin as s i gned to c o l l e c t s i g n a l Fa i l
0 from BLAS

25 GPIO. setup ( Fail_1 , GPIO. IN) ## Pin as s i gned to c o l l e c t s i g n a l Fa i l
1 from BLAS

GPIO. setup ( FlowPulses , GPIO. IN) ## Pin as s i gned to c o l l e c t s i g n a l
Flow Pulses from BLAS

GPIO. setup ( ILockFlow , GPIO. IN) ## Pin as s i gned to c o l l e c t s i g n a l
ILockFlow from BLAS

28 GPIO. setup ( ILockPatchPanel , GPIO. IN) ## Pin as s i gned to c o l l e c t
s i g n a l ILockPatchPanel from BLAS

31 ## OUT PINS

GPIO. setup ( Vsel_0 , GPIO.OUT) ## Pin as s i gned to transmit s i g n a l
Vsel 0 to BLAS

34 GPIO. setup ( Vsel_1 , GPIO.OUT) ## Pin as s i gned to transmit s i g n a l
Vsel 1 to BLAS

GPIO. setup (RFAmpStart , GPIO.OUT) ## Pin as s i gned to transmit s i g n a l
RFAmpStart to BLAS

GPIO. setup ( Dr iverStart , GPIO.OUT) ## Pin as s i gned to transmit
s i g n a l Dr ive rS ta r t to BLAS

37

## Algorithm f o r IN s i g n a l s
40

whi le True :
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43 # Fa i l 0 and Fa i l 1 a n a l y s i s

i f GPIO. input ( Fail_0 ) and GPIO. input ( Fail_1 ) :
46 pr in t ( " Fa i l u r e in both RF p a l l e t " )

e l i f GPIO. input ( Fail_0 ) :
49 pr in t ( " Fa i l u r e in RF p a l l e t 0 " )

e l s e :
52 pr in t ( " Fa i l u r e in RF p a l l e t 1 " )

# ILockFlow
55

i f GPIO. input ( ILockFlow ) :
p r i n t ( " Correct water f low " )

58 GPIO. output (RFAmpStart , True )
e l s e :

p r i n t ( " Check water f low " )
61 GPIO. output (RFAmpStart , Fa l se )

# ILockPatchPanel
64

i f GPIO. input ( ILockPatchPanel ) :
p r i n t ( " Correct c o n f i g u r a t i o n in patch panel " )

67 GPIO. output ( Dr iverStart , True )
e l s e :

p r i n t ( " Check patch panel c o n f i g u r a t i o n " )
70 GPIO. output ( Dr iverStart , Fa l se )

# FlowPulses
73

t imeout = 1 # [ seconds ]

76 t imeout_start = time . time ( )

whi l e time . time ( ) < timeout_start + timeout :
79

l a s t t i m e=0

82 de f cal lback_up ( channel ) :
g l o b a l l a s t t i m e
i f l a s t t i m e ==0:

85 l a s t t i m e=time . time ( )
e l s e :

now = time . time ( )
88 gap=now−l a s t t i m e

freq_PWM = np . round (1/ gap )
caudal_l_min = freq_PWM/50∗60

91 pr in t ( "The PWM frequency o f Flowpulses i s " , freq_PWM
, "Hz , which means a f low " , caudal_l_min , " l /min . " )

l a s t t i m e=now

94 GPIO. add_event_detect ( FlowPulses , GPIO. RISING , c a l l b a c k=
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cal lback_up )
whi l e 1 :

time . s l e e p (1 )
97

# Vsel 0 and Vsel 1 a n a l y s i s

100 # P o s s i b l e va lue s f o r inner v o l t a g e s o f the ampl i fy ing modules .
# S e l e c t by f i x i n g the corre spond ing v a r i a b l e to 1 .

103 V_50 = 1 # Defau l t va lue . Inner vo l t age o f 55 V
V_48 = 0 # Inner vo l tage o f 50 V
V_43 = 0 # Inner vo l tage o f 45 V

106 V_41 = 0 # Inner vo l tage o f 40 V

i f (V_50 + V_48 + V_43 + V_41) == 1 :
109 i f V_50== 1 :

p r i n t ( " 50 V s e l e c t e d f o r the ampl i fy ing module . Defau l t
va lue . " )

e l i f V_48 == 1 :
112 pr in t ( " 48 V s e l e c t e d f o r the ampl i fy ing module . " )

e l i f V_43 == 1 :
p r i n t ( " 43 V s e l e c t e d f o r the ampl i fy ing module . " )

115 e l s e :
p r i n t ( " 41 V s e l e c t e d f o r the ampl i fy ing module . " )

Listado 4.2 – BLAS Control Signals Test

4.3.6 LCD Test

In order to test the WH2004D LCD, the following code is used:

3 # The wir ing f o r the LCD i s as f o l l o w s :
# 1 : GND
# 2 : 5V

6 # 3 : Contrast (0−5V) ∗
# 4 : RS ( Reg i s t e r S e l e c t )
# 5 : R/W (Read Write ) − GROUND THIS PIN

9 # 6 : Enable or Strobe
# 7 : Data Bit 0 − NOT USED
# 8 : Data Bit 1 − NOT USED

12 # 9 : Data Bit 2 − NOT USED
# 10 : Data Bit 3 − NOT USED
# 11 : Data Bit 4

15 # 12 : Data Bit 5
# 13 : Data Bit 6
# 14 : Data Bit 7

18 # 15 : LCD Back l ight +5V∗∗
# 16 : LCD Back l ight GND

21 #import
import RPi .GPIO as GPIO
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import time
24

# Def ine GPIO to LCD mapping
LCD_RS = 4

27 LCD_E = 14
LCD_D4 = 15
LCD_D5 = 17

30 LCD_D6 = 27
LCD_D7 = 22
LED_ON = 18

33

# Def ine some dev i ce cons tant s
LCD_WIDTH = 20 # Maximum cha ra c t e r s per l i n e

36 LCD_CHR = True
LCD_CMD = False

39 LCD_LINE_1 = 0x80 # LCD RAM address f o r the 1 s t l i n e
LCD_LINE_2 = 0xC0 # LCD RAM address f o r the 2nd l i n e
LCD_LINE_3 = 0x94 # LCD RAM address f o r the 3 rd l i n e

42 LCD_LINE_4 = 0xD4 # LCD RAM address f o r the 4 th l i n e

# Timing constant s
45 E_PULSE = 0.0005

E_DELAY = 0.0005

48 de f main ( ) :
# Main program block

51 GPIO. setmode (GPIO.BCM) # # To r e s p e c t the BCM numeration
given by the GPIO number names
GPIO. setup (LCD_E, GPIO.OUT) # E
GPIO. setup (LCD_RS, GPIO.OUT) # RS

54 GPIO. setup (LCD_D4, GPIO.OUT) # DB4
GPIO. setup (LCD_D5, GPIO.OUT) # DB5
GPIO. setup (LCD_D6, GPIO.OUT) # DB6

57 GPIO. setup (LCD_D7, GPIO.OUT) # DB7

GPIO. setup (LED_ON, GPIO.OUT) # Back l ight enable
60 GPIO. setwarn ings ( Fa l se ) #d i s a b l e warnings

pi_pwm = GPIO.PWM(LED_ON,1000) #c r e a t e PWM ins tance with
f requency

pi_pwm . s t a r t (4 ) #s t a r t PWM of r equ i r ed Duty Cycle
63

# I n i t i a l i s e d i sp l ay
66 l c d _ i n i t ( )

# Toggle back l i gh t on−o f f −on
69 l cd_back l ight ( True )

time . s l e e p ( 0 . 5 )
l cd_back l ight ( Fa l se )

72 time . s l e e p ( 0 . 5 )
l cd_back l ight ( True )
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time . s l e e p ( 0 . 5 )
75

whi le True :

78 # Send some centred t e s t
l cd_st r ing ( "GranaSAT" ,LCD_LINE_1, 2 )
l cd_st r ing ( "BLAS CONTROL LCD" ,LCD_LINE_2, 2 )

81 l cd_st r ing ( " Andoni Perez Segura " ,LCD_LINE_3, 2 )
l cd_st r ing ( "MUIT TFM 2023 " ,LCD_LINE_4, 2 )

84 # Blank d i sp l ay
# lcd_byte (0 x01 , LCD_CMD)

87

de f l c d _ i n i t ( ) :
90 # I n i t i a l i s e d i sp l ay

lcd_byte (0 x33 ,LCD_CMD) # 110011 I n i t i a l i s e
lcd_byte (0 x32 ,LCD_CMD) # 110010 I n i t i a l i s e

93 lcd_byte (0 x06 ,LCD_CMD) # 000110 Cursor move d i r e c t i o n
lcd_byte (0x0C ,LCD_CMD) # 001100 Display On, Cursor Off , Bl ink Off
lcd_byte (0 x28 ,LCD_CMD) # 101000 Data length , number o f l i n e s , f ont
s i z e

96 lcd_byte (0 x01 ,LCD_CMD) # 000001 Clear d i sp l ay
time . s l e e p (E_DELAY)

99 de f lcd_byte ( b i t s , mode) :
# Send byte to data p ins
# b i t s = data

102 # mode = True f o r charac t e r
# False f o r command

105 GPIO. output (LCD_RS, mode) # RS

# High b i t s
108 GPIO. output (LCD_D4, Fa l se )

GPIO. output (LCD_D5, Fa l se )
GPIO. output (LCD_D6, Fa l se )

111 GPIO. output (LCD_D7, Fa l se )
i f b i t s&0x10==0x10 :

GPIO. output (LCD_D4, True )
114 i f b i t s&0x20==0x20 :

GPIO. output (LCD_D5, True )
i f b i t s&0x40==0x40 :

117 GPIO. output (LCD_D6, True )
i f b i t s&0x80==0x80 :

GPIO. output (LCD_D7, True )
120

# Toggle ' Enable ' pin
lcd_toggle_enable ( )

123

# Low b i t s
GPIO. output (LCD_D4, Fa l se )
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126 GPIO. output (LCD_D5, Fa l se )
GPIO. output (LCD_D6, Fa l se )
GPIO. output (LCD_D7, Fa l se )

129 i f b i t s&0x01==0x01 :
GPIO. output (LCD_D4, True )

i f b i t s&0x02==0x02 :
132 GPIO. output (LCD_D5, True )

i f b i t s&0x04==0x04 :
GPIO. output (LCD_D6, True )

135 i f b i t s&0x08==0x08 :
GPIO. output (LCD_D7, True )

138 # Toggle ' Enable ' pin
lcd_toggle_enable ( )

141 de f lcd_toggle_enable ( ) :
# Toggle enable
time . s l e e p (E_DELAY)

144 GPIO. output (LCD_E, True )
time . s l e e p (E_PULSE)
GPIO. output (LCD_E, Fal se )

147 time . s l e e p (E_DELAY)

de f l cd_st r ing ( message , l i n e , s t y l e ) :
150 # Send s t r i n g to d i sp l ay

# s t y l e=1 Le f t j u s t i f i e d
# s t y l e=2 Centred

153 # s t y l e=3 Right j u s t i f i e d

i f s t y l e ==1:
156 message = message . l j u s t (LCD_WIDTH, " " )

e l i f s t y l e ==2:
message = message . c en t e r (LCD_WIDTH, " " )

159 e l i f s t y l e ==3:
message = message . r j u s t (LCD_WIDTH, " " )

162 lcd_byte ( l i n e , LCD_CMD)

f o r i in range (LCD_WIDTH) :
165 lcd_byte ( ord ( message [ i ] ) ,LCD_CHR)

de f l cd_back l ight ( f l a g ) :
168 # Toggle back l i gh t on−o f f −on

GPIO. output (LED_ON, f l a g )

171 i f __name__ == '__main__ ' :

t ry :
174 main ( )

except KeyboardInterrupt :
pass

177 f i n a l l y :
lcd_byte (0 x01 , LCD_CMD)
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l cd_st r ing ( " Goodbye ! " ,LCD_LINE_1, 2 )
180 GPIO. cleanup ( )

Listado 4.3 – LCD Test

In Figure 4.36, the LCD working powered by the Main PCB and with its code, it is shown.

Figure 4.36 – Demonstration of the LCD working

4.3.6.1 RF Voltmeter

As mentioned before, the RF voltmeter application is to be able to process the 175 MHz signals, coming
from the directional couplers. In Figure 4.39, the circuit design is depicted. The RF signal will be introduced
using 50 Ω BNC female ports. It is crucial to let the RF signal always see a 50 Ω impedance, so there are no
impedance mismatches. That’s why there is a resistance of this value just before the decoupling capacitor.
This capacitor is used to separate the diode polarizing DC signal coming from the power supply, and the
RF signal. Then, the diode is used to have a half-wave signal, and the low-pass filter to finally correct the
signal.

The circuit has been simulated in LTSpice, Figure 4.37. In Figure 4.38, the results given are shown for
four different power inputs.

Figure 4.37 – RF voltmeter simulation circuit
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Figure 4.38 – RF voltmeter simulation results
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Figure 4.39 – Voltmeter SCH file

Once the circuit designing process is finished, the placement of the components and routing starts. As
this PCB contains RF signals, the track width is crucial, so the tracks have an impedance of 50 Ω. In order
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to achieve this, the track width must be 2.78 mm considering a frequency of 175 MHz, 1.51 mm of dielectric
thickness, and 35 mm of copper thickness. That’s why the tracks before the capacitor decoupling and after,
are so different in width, Figure 4.40.

Figure 4.40 – RF voltmeter top layer

4.3.6.2 Assembly and testing - RF Voltmeter

As in previous sections, the assembly steps were already detailed, only figures of the voltmeter will be
shown.

Figure 4.41 – RF voltmeter with solder paste applied
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Figure 4.42 – RF voltmeter with the top layer components placed before oven

Figure 4.43 – RF voltmeter inside the oven
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Figure 4.44 – RF voltmeter after oven with components soldered

Figure 4.45 – Final RF voltmeter top layer
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Figure 4.46 – Final RF voltmeter bottom layer

Once, the PCB is finished, testing will be done, to check the behaviour depending on the input signal
level and its similarity to the preliminary simulations. Firstly, it is relevant to remember that the main goal
of this voltmeter is to convert the RF signals coming from the BLAS’ directional couplers, to DC signals
to transmit them to an ADC subsequently. The mentioned test will be executed as follows. For the RF
input signals the signal generator 2022D from Marconi Instruments will be used, and for the 12 V supply
the DC power supply SPD3303X from Siglent. Finally, to measure the output signals from the voltmeter the
MSO-X-4104A oscilloscope from Keysight was chosen. The test block diagram is shown in Figure 4.47, where
it can be seen how every device is interconnected. The RF output from the signal generator is connected
to the required BNC input port from the RF voltmeter, while the other one is adapted using a 50 Ω load.
Using the pinout designed for connecting this PCB with the main one, 12 V and GND is supplied to the
circuit and the DC signals are measured with the oscilloscope.

2022D
175 MHz

PD

12 V

GND

PR

DUT MSOX
4104A

Signal Generator

RF Voltmeter
50 Ω

BNC Load Oscilloscope

Power Supply

SPD3303XBNC
PD Port

BNC
PR Port

Figure 4.47 – 2 male BNC connectors

4.3.7 Measurement system

As stated, the 2022D signal generator will generate the input signal. The input ports are female BNC
type, so the pigtail used is a male BNC one. The output port of the signal generator is N type, which
generates the need to use an adaptor BNC-N, shown in Figure 4.48.
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Figure 4.48 – BNC-N transition on the 2022D RF output port

As the mentioned pigtail used is of a considerable length and the 2022D generator is quite old, the output
signal from the generator will be introduced into the N9020A signal analyzer to know more precisely the
input power to the PCB. Fixing an output power of 0 dBm, -1.525 dBm is obtained in the signal analyzer, so
there is 1.6 dB of attenuation combining the pigtail and the signal generator. In Figure 4.49, the spectrum
from the signal analyzer is depicted, data obtained via the Python library coded for this project. It can be
observed the RF voltmeter has a linear behaviour between the input and output voltage.

Figure 4.49 – 2022D’s 0 dBm output signal measured by the N92020A signal analyzer

4.3.8 Voltmeter measurements

An input power sweep will be done to characterize the behaviour of the voltmeter in both BNC input ports.
BLAS is prepared for achieving 63 dBm (2 kW) of transmitted power, considering the 53 dB attenuation
from the directional couplers, this leaves 10 dBm of power for the input of the voltmeter. Moreover, the
sweep will be done between 10 dBm and -15 dBm. Figure 4.50 describes how the RF voltmeter was prepared
to be measured. The port that is not going to be used needs to be adapted, so a 50 Ω load is placed. The
voltmeter is powered with 12 V from the DC power supply using the pins designed for its connection to the
main PCB. Finally, using a BNC pigtail, the voltmeter is connected to the 2022D signal generator for the
175 MHz input signal.
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Figure 4.50 – Method to measure the output signals from RF voltmeter

In Table 4.2, the output voltage measured is represented, depending on the input power expressed in
dBm and V. With the aim of easing the reading of Table 4.2, in Figure 4.51 the measurements have been
plotted.
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Pin (dBm) Vin (V) Vout (mV)
10 1 690
9 0.89 620
8 0.79 560
7 0.71 510
6 0.63 460
5 0.56 420
4 0.5 390
3 0.45 360
2 0.4 320
1 0.35 310
0 0.32 290
-1 0.28 260
-2 0.25 240
-3 0.22 220
-4 0.2 210
-5 0.18 190
-6 0.16 190
-7 0.14 170
-8 0.13 170
-9 0.11 170
-10 0.1 160
-11 0.09 160
-12 0.08 160
-13 0.07 140
-14 0.06 140
-15 0.06 140

Table 4.2 – RF voltmeter output voltage depending on the input power expressed in dBm and V.

Figure 4.51 – RF voltmeter’s output voltage behaviour
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4.3.9 Simulation comparison

4.3.10 Characterization

In order to check if the output signal is DC and has no AC component, the FFT of the mentioned
signal was calculated using the MSO-X-4104A oscilloscope. The output signal to analyse is of 690 mV. This
transformation can be seen in Figure 4.52. Most of the power is concentrated at 175 MHz, which is logical as
it is the original frequency of the input signal. This frequency has a power of -34.5 dBV (19 mV), which can
be seen as insufficient to take it into account. However, compared to the total power of the signal, -3.22 dBV
(690 mV), it can slightly differ the final voltage measure. Furthermore, another peak of power can be seen
at 94 MHz. This can be associated with the FM transmissions, as when there is no input signal this power
is still measured. As the 175 MHz peak power, the power at 94 MHz is too low to take IT into account,
-37.125 dBV (14 mV), and it may slightly differ the final voltage measures. Finally, it has been proven that
the output signal of the RF voltmeter has a small AC component, which can disturb if high precision is
required.

Figure 4.52 – FFT of the voltmeter’s output signal

As in every RF device, it is of high importance that the device is adapted to avoid the reflection of the
input signals. This reflection could affect the behaviour of the directional couplers, as the output ports of
these couplers are supposed to be adapted, and the behaviour of the proper RF voltmeter as not all the
power is being transmitted. A way to determine if the RF voltmeter is adapted is measuring its reflected S
parameters. In order to do so, the E5071C vector network analyzer from Agilent Technologies has been used.
Ideally, if a one port device is adapted, its reflected S parameter, S11, has to be −∞ dB. Nevertheless, this
value is complicated to achieve in real devices. Normally, a port is said to be adapted when S11 is somewhere
near -25 dB, which means only 5% of the total power is being reflected.

It is important to remember that the RF voltmeter was designed to work at 175 MHz, the track width of
the PCB was thought to work in this frequency. So, the behaviour of the RF voltmeter will differ depending
on the frequency used. To fully characterize the voltmeter, both input ports were used. Each input port will
act as characterization ports, so it is expected that both S11 and S22 are around -25 dB, to be adapted and
the transmission S parameters, S21 and S12, to be really low to ensure each port is independent of the other.

As both ports are female BNC type, and the E5071C VNA has N type ports, ideally a BNC-N pigtail
needs to be used. As a pigtail of these characteristics was not available in the laboratory, the male N-type
pigtail used for the cavity characterization was used. To be able to connect this pigtail to the RF voltmeter,
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a transition from male N to female BNC was chosen. In Figure 4.53, this transition is depicted.

(a) BNC to N transition (b) BNC to N transition (c) RF voltmeter and BNC to
N transition

Figure 4.53 – BNC to N transition needed to measure the RF voltmeter with the VNA

In Figure 4.54, the way the RF voltmeter is characterized is shown, with both input ports connected to
the VNA, and the power supply connected to introduce the 12 V needed for polarization, using the pins
designed for connecting this PCB to the main one.

Figure 4.54 – RF voltmeter connections to be characterized with a VNA

Firstly, the characterization was done between 10 MHz and 8 GHz, to probe the different behaviour
depending on the frequency, results shown in Figure 4.55. The desired performance is achieved in the
frequencies between both vertical black lines, around 175 MHz, as expected.
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Next, to have a more precise picture of the voltmeter’s behaviour, a narrow bandwidth characterization
was executed, between 170 MHz and 180 MHz to know how it will work with the frequencies used in BLAS.
Figure 4.56 shows the S parameters obtained. The voltmeter is working properly in the bandwidth desired, as
the reflected S parameters are around -17 dB, which means 14 % of the power will be reflected. Considering
the PCB is a low-cost one, and there are better dielectric materials in the market and this PCB is a first
approach, there are not bad results. Moreover, both ports are totally independent as the transmission S
parameters are extremely low, somewhere near -60 dB. All the results were obtained remotely using the
dedicated Python libraries elaborated for this project.
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Figure 4.56 – RF voltmeter narrow band characterization

4.4 EPICS

4.4.1 Introduction

The Experimental Physics and Industrial Control System (EPICS) is a collection of tools and software
components which goal is to create distributed control systems. EPICS’ most relevant capabilities are the
following [4]:

• Remote control and monitoring of facility equipment

• Facility mode and configuration control

• Alarm reporting, logging and reporting

• Closed loop control

• Modeling and simulation

• Automatic sequencing of operations

• Data analysis

EPICS was designed to be able to control enormous scientific installations, but can be scaled to small
systems. One characteristic big systems have, is the huge amount of data that has to be processed, between
several devices, and needs to be failure-tolerant. That means if one of the sensors, PCs, or any piece of
equipment stops working the control system must be capable of maintaining most of the system alive. For
more modest installations, EPICS can be used without requiring complex infrastructure components.

One of the most significant advantages EPICS has, is the worldwide collaboration that exists by being
a free open-source software. Moreover, members of the design team are always prone to help and listen to
new ideas in order to improve their implementation.
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4.4.2 Architecture

EPICS provides the capability of creating servers and client applications. Data is accessed through these
servers that can be reached locally or over a network by clients. These clients can store, manipulate and
display data as desired. This can be done using the various types of client software available, that go from
graphical or command-line user interface to powerful services for data management.

An EPICS based control system consists of the following elements:

• IOC: Input/Output Controller is the I/O server of EPICS. It consists of components such as databases
and network communication that can be handled by almost any computing platform. For example, a
regular desktop computer, or even low-cost hardware such as a Raspberry Pi.

• CWS: Client Workstation is a device that can handle EPICS tools and client applications as the user
interface tools mentioned before. Usually, these CWSs are run in devices with "typical" operating
systems such as Windows, Linux or MacOs.

• LAN: A standard local area network, Ethernet based, is needed to interconnect the IOCs with the
CWSs.

An example of a simple EPICS control system is depicted in Figure 4.57. As stated previously the LAN
is used to interconnect all the other elements from the control system. There can be as many IOCs and
CWSs needed, and they can be removed or added without harming the system.

Figure 4.57 – EPICS simple example [4]

Furthermore, other basic components are reachable apart from these "classical" ones. There are more
servers or services for data processing not linked to process I/O information or attached to hardware. These
servers offer the possibility to be used as simulation, calibration, or computing services, such as particle
beam modeling, which is a really extended practice.

The communication regarding the mentioned services is done thanks to the next two EPICS components:
Channel Access (CA) and pvAccess (PVA). The structure and protocols implemented, so the different CWSs
and IOCs speak the same language, are provided by the CA and PVA, which will be discussed in further
subsections.

The main characteristic of EPICS is it is process-variable based. Rather than behaving as an object-
oriented program, modeling control system devices as objects, they are assumed as data entities that describe
single aspects of the device or process that is being controlled. The name associated with these data entities
is "process variable" (PV). PV can describe any type of data required, for instance, a spectrum analyzer can
have associated several PVs managing power values, a description of the device or bandwidth.
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4.4.3 IOC

Understanding the behaviour of EPICS IOC is crucial to exploit the several advantages this software
offers. The different software parts that build up an IOC are depicted in Figure 4.58 and are the following:

• IOC Database: This database is in charge of containing the records used in the IOC. Each record
hosts a PV.

• Record support: There are different types of records, each with characteristic functionalities. This
component implements the routines required for each type.

• Scanners: The method to process the records from the database.

• Device support: Routines bind I/O data to the database records.

• Device Drivers: Handle access to external devices.

• CA or PVA: Communicate the other EPICS components with the IOC, via LAN.

• Sequencer: A finite state machine. External module not included in the EPICS distribution.

Figure 4.58 – EPICS IOC block diagram [4]

4.4.3.1 IOC Databases

As Figure 4.58 reflects, a record database can be seen as the heart of an EPICS IOC. Unlike other
common databases, such as SQL, record databases are memory resident, not stored on permanent memory
devices. The IOC’s behaviour is determined by the records stored in the database, which can be of any
number and type. The most common types are the following.

• Analog Input and Output (ai and ao): These records support the reading of data from hardware
devices, transformation into engineering units, and setting of alarms or limits.

• Binary Input and Output (bi and bo): Normally used to indicate the status of a device or parameter,
like Open/Closed, On/Off, and so on.

• Calc and Calcout: Perform calculations based on other records values.
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As records define the IOC’s behaviour, "fields" configure a record’s behaviour. Fields are metadata that
some are common to any type of record, but some are specific for certain types of records. So, every record
has a name and every field has a name. In order to avoid undesired errors in CA, every record name has
to be unique across all the IOCs, so it is possible to access to their different fields. An example of record is
shown in code 4.4.

1

record ( ai , " Cavity1 :T" ) #type = ai , name = “ Cavity1 :T"
{

4 f i e l d (DESC, “ Cavity Temperature " ) #d e s c r i p t i o n
f i e l d (SCAN, “1 second " ) #record update ra t e
f i e l d (DTYP, “XYZ ADC" ) #Device type

7 f i e l d (INP , “#C1 S4 " ) #input channel
f i e l d (PREC, “1 " ) #d i sp l ay p r e c i s i o n
f i e l d (LINR, “ typeJdegC " ) #conver s i on spec

10 f i e l d (EGU, “ degree s C" ) #eng ine e r i ng un i t s
f i e l d (HOPR, “100 " ) #h ighe s t va lue on GUI
f i e l d (LOPR, “0 " ) #lowest va lue on GUI

13 f i e l d (HIGH, “65 " ) #High alarm l i m i t
f i e l d (HSV, “MINOR" ) #Seve r i t y o f “ high " alarm

}
Listado 4.4 – EPICS record example [4]

A record is defined by a type and a name. Inside each record, there are a set of fields, each defined by a
type and a value according to it. Examples of fields common to every record are:

• DESC: Offers a description of the record

• SCAN: Indicates the record’s update rate

• DTYP: Indicates the type of device the record is a data entity

Moreover, records can be associated with each other. For instance, the execution of one record could
into the execution of another one, and the value of one record could be an input parameter of another one.
These links convert the database into a programming tool. In resume, a record is an object with:

• A unique name

• A behaviour defined by its type

• Controllable properties (fields)

• Optional associated hardware I/O (device support)

• Links to other records

4.4.3.2 Scanner

As mentioned previously, inside each IOC there is a scanning software component that is in charge of
processing the set of records available in the database, depending on the field "SCAN" that each record holds.
EPICS provides four basic scanning methods.

• Periodic: A record can be fixed to be processed periodically at a specified frequency.
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• Event: A record is processed when a IOC component posts an event, such as a new humidity value or
a change in a certain parameter.

• I/O Event: As the previous type, but it is based on external events, like processor interrupts.

• Passive: Processed when other records, linked to the passive one, are processed or when it changes its
proper value via CA.

4.4.4 Channel Access (CA)

CA is based on a client/server model on TCP/IP. Every IOC implements a CA server used to communicate
with the other CAs implemented in the CWSs of the network.

The basic client services provided by CA are:

• Search: Locate the desired PV among all the IOCs available in the network.

• Get: Get the value of a certain PV. An example is depicted in Figure 4.59, where is asked to get the
value of a PV called "getMaxPower:Agilent".

• Put: Modify the value of a certain PV. An example is depicted in Figure 4.60, where is asked to change
the value of a PV called "getMaxPower:Agilent".

• Monitor: Whenever a PV changes its value, the client receives an update. An example is depicted in
Figure 4.61, where is asked to be notified every time the value from the PV called
"getMaxPower:Agilent" changes.

Figure 4.59 – CA get service example

Figure 4.60 – CA put service example

Figure 4.61 – CA monitor service example

4.4.5 EPICS implementation

Foremost, the EPICS software must be installed, guide in Appendix F. Once, the software is installed,
the first step on EPICS is creating an IOC, guide to do this in Appendix ??. However, before creating an
IOC, it is important to have clear what are the goals that want to be achieved. In this case, EPICS will be
used to monitor and control two signal analyzers and the BLAS control signals through a Raspberry Pi 4,
Figure 4.62.
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Frequency 
Synchronization

Raspberry Pi 4

10 MHz 
reference signal

IP: 192.168.1.16/24

IP: 192.168.1.13/24 IP: 192.168.1.14/24

IP: 192.168.1.14/24

IP: 192.168.1.2/24

IP: 192.168.1.15/24

Figure 4.62 – System control block diagram

As the IOC will need to communicate via TCP with other devices (the two analyzers to communicate
with the SCPI commands), the modules StreamDevice and AsynDriver need to be installed and added to
the IOC when creating. Both steps are covered in Appendixes F and ??. The communication between the
Raspberry Pi 4 and the IOC will be done via the Channel Access (CA), without needing any extra module.

The three most relevant files inside an Streamdevice IOC are:

• The database (filename.db): The database of the IOC. This file contains all the records, so it dictates
the behaviour of the system control.

• The protocol file (filename.proto): Every SCPI command that is going to be used has a protocol
function associated. In turn, these protocol functions are associated with records of Stream type.
These records are used in StreamDevice IOCs, so whenever that record is processed the protocol
function and the SCPI command will sent. So, a protocol file is a collection of protocol functions that
have an SCPI command associated.

• st.cmd: This file is like the executable file of the IOC. To start an IOC, the st.cmd file is called. This
file contains information about the path toward the database, the protocol file and the IP address of
the devices to connect.

Next, to clarify these concepts, an example will be presented. In Figure 4.63, the relationship between
the database and the protocol file is clearly shown. For instance, there is a record called "SetINST:Agilent"
which is used to change the instrument mode of a device, every time it processes. This is done via an SCPI
command. So, it is necessary to use a record with the field DTYPE in stream, and in the INP (input) field
sets the protocol file name where the protocol function is, the name of the proper protocol function, and
the IP address where it has to send it. In this example, as the SCAN field is 1 second, the record will be
processed each second and the IOC will send the SCPI every second.
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Database

Protocol

Protocol 
file name Protocol 
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IP Address
&

SCPI port 

SCPI Command 
Figure 4.63 – Record and protocol example

4.4.6 Graphical User Interface - CSS

EPICS is able to work with various tools for Client WorkStation (CWS), to have an easier look and
understanding of what’s happening in the system they are trying to control. A graphical user interface
available for EPICS is Control System Studio (CSS). This tool uses widgets that are associated to different
Process Variable (PV) from the IOCs running in the same LAN. CSS uses CA to get or change the values
from the different.

For this project, the following CSS window has been designed. It is divided in three parts. The first one
is for monitoring of the BLAS Control Signals, Figure 4.64. Every signal has a LED associated, except for
the Flow Pulses signal which indicates the water flow in l/min, and the PD_MI signal which has not been
able to recover.
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Figure 4.64 – CSS BLAS Control Signals

The second part is for the MS2830A signal analyzer, Figure 4.65. In this case, functions for the generator
and the spectrum analyzer have been developed, as the active change of the spectrum analysed or the power
and frequency of the signal generated.

Figure 4.65 – CSS Anritsu analyzer

Finally, a part dedicted to the N9020A signal analyzer, Figure 4.66.
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Figure 4.66 – CSS Agilent analyzer
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Appendix A

E5071C VNA Calibration

For the calibration of the E5071C VNA, the 85032F kit from Agilent will be used, which contains connectors
simulating short circuit, open circuit, and 50 Ω load in both female and male versions. All connectors are
N-type. Before performing the typical calibration steps of a network analyzer (placing a short, open. . . ), it
is necessary to ensure that two parameters are properly adjusted:

• System Z0: It is necessary to specify the value of the characteristic impedance being used (bottom
part of Figure A.1).

• Stimulus: The signal used to characterize our Device Under Test (DUT) and for which the ports will
be calibrated. It is necessary to indicate the frequencies being analyzed and the power level of the
stimulus, if the power level is critical for the operation of the DUT. Figure A.1.

(a) System Z0
option

(b) VNA
stimulus

Figure A.1 – System Z0 and stimulus option

Next, it is necessary to select the calibration kit to be used, as shown in Figure A.1. As mentioned
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earlier, the kit is the 85032F from Agilent. Figure A.2 displays the female-type connectors of the kit. When
calibrating, a thru is required, but since it is not available in our kit, a stainless steel barrel connector has
been used as a simulation.

Figure A.2 – 85032F calibration kit

There are different types of calibrations depending on the intended use of the analyzer and the type of
DUT. In this case, the DUT is a three-port cavity, so the calibration will be performed using the 3-Port Cal
method, as shown in Figure A.3.

Figure A.3 – 3 port calibration

The reflection calibration, as shown in Figure A.4, involves placing the open, short, and load on each
individual port.
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Figure A.4 – Reflection calibration

On the other hand, the transmission calibration involves analyzing the behavior of two ports connected
together using a thru, Figure A.5.

Figure A.5 – Transmission calibration

Once these steps have been completed, it is necessary to click on "Done" to apply our calibration. To
ensure that it has been configured correctly, the table shown in Figure A.6 should appear in the bottom
right part of the screen.
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(a) State table (b) VNA stimulus
Figure A.6 – State calibration table [6]
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Appendix B

7/16" male pigtail assembly

The cable used to connect the cavity with the is a 7/8" coaxial cable of 50 Ω, with two 7/16" RF male
connectors. Firstly, 2.5 cm of external dielectric is cut off with a cutter, Figure B.1.

Figure B.1 – Outer dielectric cut off

The 7/16" connector has two pieces, the body and the proper male connector. The body is assembled to
the cable, Figure B.2.

Figure B.2 – Connector’s body assembly
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Finally, using two wrenches, the second piece of the connector is assembled to the body, Figure B.3.

Figure B.3 – 7/16" connector assembly

In order to check if the cable is correctly assembled, the S parameters were calculated, Figure B.4. As
expected, the transmission S parameters are near zero, so there is not a high attenuation in the cable, and
the reflected S parameters are very low indicating a good adaptation.

Figure B.4 – 7/16" pigtail’s S parameters
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Appendix C

Frequency synchronization

C.1 Introduction

Due to the cavity’s high , which induces a need to design a system extremely precise in frequency, it is
crucial that all the equipment that conforms the measurement and signal generator system are synchronized
in frequency, for the different measures obtained, and the signal generated to be as reliable as possible. RF
devices work with a 10 MHz signal generated by their local oscillator. All of these devices have the option
to introduce an external 10 MHz reference signal via BNC ports, Figure C.1. By using the same reference
signal for all the equipment, there will be less frequency drifts between measures and the signals used. The
assembly of the BNC pigtail is explained in Appendix D

Figure C.1 – External reference signal port for the MSOX4104A oscilloscope

C.2 10 MHz reference signal generation

Therefore, to synchronize the system we need to introduce the same 10 MHz signal to all the devices.
First, we need to generate a stable reference signal, as all the measurement and signal generator system will
depend on the mentioned signal. For this, the Rubidium Frequency Standard XSRM 238.4011.02 from Rohde
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& Schwarz has been chosen, Figure C.2, which consists of different modules. The XSRM module supplies
a 5 MHz sinusoidal whose frequency is very accurate, stable and of high spectral purity. The XSRM uses
the atomic resonance frequency, 6.834682641 GHz, of rubidium 87, which is extremely precise and scarcely
influenced by ambient conditions, to regulate the 5 MHz oscillator [21]. Moreover, the XSRM-Z module,
converts this 5 MHz signal into a 10 MHz, with all the important characteristics of the first one. This module
can also convert 5 MHz signals into 100 kHz and 1 MHz ones, if needed. The final 10 MHz signal is of 1 Vrms

on 50 Ω. Finally, it is important to note that the XSRM 238.4011.02 needs a warm up time of 35 minutes,
to ensure a good reference signal quality.

Figure C.2 – XSRM 238.4011.02

In order to probe the quality of our 10 MHz signal, the frequency meter FC2001 from Pirostar has been
used. This frequency meter can measure signals from 10 Hz to 3 GHz, input impedance of 50 Ω for signals
between 1 MHz and 3 GHz, and 1 MΩ between 10 Hz and 50 MHz with a timebase of less than 1 ppm
at room temperature [19]. In Figure C.3, the measure given by the frequency meter can be seen, which
reaffirms the accuracy of our reference signal, measuring a signal of 10.0000037 MHz.

Figure C.3 – FC2001 frequency measure on the XSRM output signal

C.3 10 MHz reference signal distribution

After obtaining the stable reference signal, the next step consists on introducing it into each device. The
pieces of equipment used are listed below:

• E5071C VNA (Agilent Technologies)

• MXA N9020A 20 Hz to 8.4 GHz signal analyzer (Agilent Technologies)
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• MS2830A 9 kHz to 6 GHz signal analyzer and generator (Anritsu)

• MSOX4104A 1 GHz 5 GSa/s oscilloscope (Keysight Technologies)

• 2022D 10 kHz to 1 GHz signal generator (Marconi Instruments)

However, not all the devices have the same requirements for the external reference signal. In table C.1
these specifications are shown.

10 MHz signal power specifications
Device Pmax (dBm) Vrms−max (V) Pmin (dBm) Vrms−min (V)

E5071C VNA [6] 10 0.71 -3 0.16
MXA N9020A SA [7] 10 0.71 -5 0.13

MS2830A SAG [8] 20 2.2 -15 0.04
MSOX4104A Osc. [11] 17 1.57 -5 0.13

2022D SG [12] - - 13 1
Table C.1 – 10 MHz power specifications for the measurement and signal generator system, based on 50 Ω

Concerning the different power levels required by each device, the 5087A distribution amplifier from HP
is used. The 5087A is a narrow-band amplifier capable of receiving up to four different input frequencies
(100 kHz, 1 MHz, 5 MHz and 10 MHz) on three input channels (A, B, C). It amplifies these frequencies and
supplies outputs in any selected combination on a total of 12 output lines (1-12) [9]. The input level has to
be of 0.3 to 3.0 Vrms and has an input impedance of 50 Ω. Moreover, the output level into a 50 Ω load can
be configured between 0 and 3 Vrms. The three input channels and the 12 output ones have a preamplifier
associated, with variable gain, changing depending on the voltages needed. In the 5087A front panel, there
is a rotary and a voltmeter to check the output voltage (Vrms) of the 15 preamplifiers, shown in Figure C.4.

Figure C.4 – 5087A distribution amplifier

As mentioned before, the distribution amplifier can work with several configurations, option 33 is the one
to be installed. This configuration consists on using only one input channel, the 10 MHz signal coming from
the XSRM, and having 12 output lines with 10 MHz signals with different levels, as seen in Figure C.5.

Figure C.5 – 5087A option 33 diagram [9]

The set-up procedure is as follows:

1. Remove the instrument top cover and connect the 10 MHz signal to the A input channel. Modify the
input preamplifier gain until the output voltage reading is 0.3 V.
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2. Modify the output voltage preamplifiers gain to 0 before connecting the output channels to the different
devices, not to damage their external reference signal port.

3. Connect the devices to the output ports of the distribution amplifier and then modify the gain, checking
with the voltmeter, to get the voltage needed for each device. It is important to change the gain after
connecting the devices, as the final output voltage is the one given when there is a 50 Ω load in the
preamplifiers output. When connecting the device’s 50 Ω input impedance, the output voltage will
decrease.

Finally, the output channels’ signals are checked to ensure the signal’s quality. As it was done with the
10 MHz XSRM signal, the FC2001 frequency meter was used to measure the signal’s frequency, results for
channel 2 and 3 shown in Figure C.6.

(a) Output channel 2 (b) Output channel 3
Figure C.6 – FC2001 frequency measures on output channels

Between output channels, there is less than 10 ppm of difference, an assumable error considering all the
devices will be synchronized. In Figure C.7, a block diagram of the frequency synchronization system is
depicted.

E5071C N9020A

XSRM

10 MHz

10 MHz

10 MHz 10 MHz 10 MHz

10 MHz

5087A

2022DMS2830A
MSOX
4104A

Rubidium Frequency 
Standard

Distribution Amplifier

VNA Signal Analyzer Signal Analyzer Oscilloscope Signal Generator
Figure C.7 – Frequency synchronization system block diagram

C.4 Devices configurations

It is important to be sure the devices are using the external reference signal, as some pieces of equipment
do not swipe between the internal and the external automatically.
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• E5071C VNA: Changes automatically to the external reference signal. Check if the below ExtRef
box is highlighted, if not it is using the internal reference because the external one is not inside the
specifications, Figure C.8.

Figure C.8 – E5071C external reference configuration

• MXA N9020A signal analyser: Changes automatically to the external reference signal. Check if
the top SENSE variable is fixed to SENSE:EXT, if not it is using the internal reference because the
external one is not inside the specifications, Figure C.9.

Figure C.9 – N9020A external reference configuration

• MSOX4104A oscilloscope: Does not change automatically. The option to set the external reference
signal on is in Utilities −→ Utility menu −→ Options −→ Rear panel −→ 10 MHz Ref Signal Output
and Input off −→ Input On, Figure C.10.
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Figure C.10 – MSOX4104A external reference configuration

• 2022D signal generator: Does not change automatically. The option to set the external reference
signal on is pressing the button INT EXT from the front panel. A EXT STD text will appear in the
bottom right corner of the display, Figure C.11 However, there can occur two type of errors, shown in
the display as:

1. Error 11: The external reference is selected but not applied.
2. Error 12: The external reference signal is not locking.

Figure C.11 – 2022D external reference configuration
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Appendix D

BNC pigtail assembly

In this appendix, the assembly of a male BNC pigtail will be detailed. Firstly, it is important to choose the
correct cable. As the pigtail is going to be used for RF purposes, with 50 Ω loads, the cable’s characteristic
impedance has to be of 50 Ω. In this case, the URM43 coaxial cable has been selected, widely used in the
telecommunications industry. Now the material needed for a male BNC pigtail will be listed:

• 2 50 Ω male BNC connectors

• URM43 coaxial cable (length as desired)

• Cutting pliers

• Screwdriver

• Crimping tool

In Figure D.1, the 2 BNC connectors that are going to be used are shown, the one on the left is disassembled.
It is divided in two parts. The first one has a central whole where the coaxial cable’s inner conductor is
introduced and tighten with a screw. Moreover, on the opposite part of the BNC head, there is a metallic
support for the coaxial cable and for the outer conductor, to fix the ground level on the connector. The
second part of the connector acts as a shield.

Figure D.1 – 2 male BNC connectors
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The first step to assembly the desired pigtail is to strip the coaxial. To start, the outer dielectric will be
stripped for 13 mm, leaving the start of the outer dielectric somewhere near the middle of the metallic part
for ground level, as seen in Figure D.2.

Figure D.2 – Outer dielectric stripped

Once the outer dielectric is stripped, the outer conductor wires are compacted towards the outer
conductor, as seen in Figure D.3.

Figure D.3 – Outer conductor put together

Next, the inner conductor dielectric will be stripped, leaving 7 mm of dielectric, and the inner conductor
without shield. For this particular connector only 3 mm of inner conductor is needed, so the rest is cut.
Before, connecting the connector and the cable it is important to get the connector’s shield part through the
cable, as when the coaxial is tightened to the connector it is not going to be possible to do so, Figure D.4.
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Figure D.4 – BNC connector’s shield part

Following these instructions, the BNC connector and the coaxial cable should look as Figure D.5. The
inner dielectric up to the start of the inner conductor whole, and the outer conductor sharing space with the
outer dielectric in the metallic part.

Figure D.5 – BNC connector before tightening

The next step is to tight the inner conductor to the connector using the screw available and crimp by the
metallic part, Figure D.6. It is recommended to screw first as when crimping the coaxial or the connector
could move and change the setup of Figure D.5.
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Figure D.6 – BNC connector crimping

Finally, the shield part is threaded, and the BNC connector is ready to use, Figure D.7. After following
the same steps for the other connector, the male BNC pigtail is ready to use. A multimeter can be used to
check there are no shorts in the cable between ground and signal.

Figure D.7 – Finished male BNC pigtail
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Appendix F

EPICS Installation

This appendix will detail the steps to follow for the complete installation of all the necessary software to use
EPICS and its add-ons.

Firstly, we need to install the EPICS base. For this, we must have make, c++ compiler, and libreadline
installed. As usual before each installation, we run the typical Ubuntu command to update the system and
ensure that all packages are up to date, and then install the mentioned dependencies.

• sudo apt update

• sudo apt install make

• sudo apt install g++

• sudo apt-get install libreadline-dev

Once they are installed, we can proceed to download the EPICS base. Before that, we will create a folder
to host the program files, within our $ HOME folder.

• mkdir EPICS

• cd EPICS

We download the files from GitHub using the following command:

- git clone –recursive https://github.com/epics-base/epics-base.git

Inside our EPICS directory, a folder called epics-base will be created, which will contain the following
subdirectories.

Now the command make is run.
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The following directories and files will appear:

When finished, you need to indicate the following paths in the $HOME/.profile or HOME/.bashrc file,
and the installation of EPICS BASE would be completed.

F.1 StreamDevice

To communicate with devices, we need to use the StreamDevice module, which needs to be installed.
Additionally, as it relies on AsynDriver, it is necessary to install this module first.

Download the latest version of AsynDriver, in this case, R4-43, from this link.

Once the file is downloaded, move it to the directory where you want to store this module. In this case,
we will use the already created modules folder within EPICS BASE.
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Next, you need to specify the path to EPICS BASE in the RELEASE file located in the configure folder.

Finally, execute the make command in the main directory of your module, and AsynDriver will be
installed.

Once AsynDriver is installed, we can proceed with the installation of StreamDevice. To download the
files, execute the following command within the modules directory:

- git clone https://github.com/paulscherrerinstitute/StreamDevice.git
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After the StreamDevice folder is created, modify the path to EPICS BASE and AsynDriver in the
configure/RELEASE file and comment out the paths for the CALC and PCRE variables.
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