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Resumo 

No ITER, o sistema de diagnóstico de reflectometria de posição (PPR) de plasma consistirá 

num sistema de cinco reflectómetros de microondas, que operarão em modo O no intervalo de 

frequências 15 − 75  𝐺𝐻𝑧, sondando o plasma em 4 posições específicas, conhecidas como gaps 

3,4,5 e 6. Este sistema será suplementar aos diagnósticos magnéticos de controlo de posição do 

plasma, tendo como principal função providenciar medições da distância entre a primeira parede do 

tokamak e a camada de densidade dentro, e imediatamente adjacente à separatriz magnética. Estas 

medições servirão, quando requeridas, para corrigir os desvios acumulados nos diagnósticos 

magnéticos, decorrentes dos erros acumulados nas longas descargas do ITER. 

A proposta original para a configuração das antenas dos reflectometros de posição consiste 

num sistema bi-estático de duas antenas sectoriais. 

Aqui, esta configuração é estudada e analisada no intervalo de frequências 15 − 75  𝐺𝐻𝑧 , 

usando o programa de simulação Ansys HFSS (High Frequency Structure Simulator). É realizada 

uma análise extensiva das antenas, e o acoplamento de potência entre as antenas é avaliado. 

Os modelos e métodos para avaliar as antenas do PPR são validados através do estudo de 

uma antena standard de referência. É também estudado o acoplamento de duas antenas standards 

em diferentes configurações geométricas, com o intuito de melhor compreender os dados obtidos 

mais tarde na análise das antenas do PPR. 

As metodologias utilizadas provaram ser consistentes com resultados teóricos, e têm o 

potencial para ser usadas na análise de novas configurações de antenas propostas para a 

reflectometria de posição no ITER.  
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Abstract 

In ITER, the Plasma Position Reflectometry diagnostics system will consist of five O-mode 

microwave reflectometers operating in the frequency range 15 − 75  𝐺𝐻𝑧 and probing the plasma at 

four specific locations known as gaps 3, 4, 5 and 6. The main purpose of the system is to supplement 

the magnetic-based plasma position control diagnostics by providing measurements of the gap 

distance between the first-wall and a density layer close and just inside the magnetic separatrix. 

These measurements will allow, when required, to correct the drift in the magnetic measurements 

driven by error accumulation during long discharges. 

The originally proposed antenna front-end configuration for the PPR reflectometers consisted in 

a bi-static side-by-side arrangement of two asymmetric sectoral horn antennas. 

Here, this configuration is modelled and analysed within the 15 − 75  𝐺𝐻𝑧 frequency range, 

using the ANSYS HFSS (High Frequency Structure Simulator) simulation program. An extensive 

analysis of the antennas is performed, and the power coupling between the antennas is evaluated. 

The HFSS models and methods used to assess the PPR antennas are first validated, through 

the study of a reference standard horn antenna. The coupling between two standard horn antennas is 

also studied in different geometrical arrangements, with the purpose of better understanding the data 

obtained later in the evaluation of the PPR antenna configuration. 

The applied methodologies proved to be consistent with theoretical results, and have the 

potential to be used in the analysis of the new high-gain antenna front-end configurations being 

proposed for the PPR reflectometers. 
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Introduction 

Microwave reflectometry is a well-established fusion diagnostic system for plasma density profile 

measurements and plasma positioning control. It will be used in ITER, providing a robust and reliable 

diagnostic, which requires little access to the machine.  

Plasma position control will be essential in ITER for machine protection, preventing the plasma to 

impact the first wall, which can cause massive disruptions and severely damage the machine 

components. Usually, this is done by means of magnetic sensors and magnetic flux reconstruction. 

However, in ITER, the magnetic sensors can accumulate significant errors due to the long operation 

pulses and the harsh environment felt inside the toroidal chamber. Within this context, O-mode 

reflectometry is used as a supplementary diagnostic in plasma positioning control, independent of the 

magnetic diagnostics.  

The ITER Plasma Position Reflectometer (PPR) is a diagnostic system that comprises five 

reflectometers distributed along the toroidal chamber, probing the plasma in four different positions, 

commonly known as gaps 3, 4, 5 and 6. The primary purpose of this system is to monitor the gap 

distance between the first wall of the tokamak and a given density layer provided by the plasma 

control system. The reflectometers located at gap 4 (low-field side) and gap 6 (high-field side) will 

enter the machine through dedicated Ports, and access the plasma inside the vessel. Due to 

geometric restrictions, and the need to protect the antennas from nuclear heating, the antennas will 

see the plasma through small apertures between two vertically adjacent blanket modules.  

The originally proposed antenna configuration for the PPR reflectometers features a system of two 

asymmetric sectoral horn antennas. In this thesis, these antennas are individually studied and 

evaluated, and then the performance of the two-antenna arrangement is assessed.  

The next chapters will be organized in the following order: 

 Chapter 1 focus on the subject of Nuclear Fusion, addressing the role of fusion in the contemporary 

energetic situation, on the physics basis of the production of fusion energy, and on the basic operation 

of a Tokamak. We make an overview of the ITER tokamak and its technological and scientific 

challenges. In this context, we explain the importance and the role of fusion diagnostics in a fusion 

device. 

Chapter 2 presents the basic principles of microwave reflectometry, and how O-mode reflectometry 

can be used to reconstruct plasma density profiles.  

In Chapter 3 we refer the importance of plasma control in a fusion tokamak. The Plasma Position 

Reflectometer (PPR) is explained, and its importance is addressed in the context of ITER. To 

demonstrate the importance of the PPR, we end the chapter with a recent example of a plasma 

position control system in ASDEX-Upgrade.  
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In Chapter 4, the theoretical background for the study of aperture antennas is provided. First, we 

present the essential parameters in order to define the antenna. Then, we focus on pyramidal and 

sectoral horn antennas, since these are the antennas used in the experimental results. Finally we 

define the power coupling between a system of two antennas.  

Chapter 5 contains the antenna simulations and the experimental results. In the first part of the 

chapter we present the study of a reference antenna using the HFSS (High Frequency Structures 

Simulator) simulation program. A catalogued pyramidal horn antenna is modelled and tested. Then, 

the power coupling between two standard antennas is evaluated in different geometrical 

arrangements. This study has the purpose of validating the models and the methods used in HFSS, 

and to help interpreting the data obtained in the study of the coupling between the PPR antennas.  In 

the second part of the chapter, the originally proposed in-vessel antennae system for the O-mode 

ITER PPR is studied, applying the HFSS models and methods previously validated. First, we model a 

single antenna, evaluating its performance within the 15 − 75  𝐺𝐻𝑧  frequency range. Then, the 

proposed bi-static setup is simulated and the power coupling between the antennas is assessed. 

Finally, in Chapter 7 we present the conclusions, and suggest some developments for future work.  
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Chapter 1 – Nuclear Fusion  

Energy is a primary need in modern society. It is a crucial factor on population’s quality of life, and its 

demand is in continuously rising. Presently, the available options for energy production are fossil fuels 

(coal, oil or natural gas), renewable energy sources (hydroelectricity, solar or wind power, etc.), or 

nuclear energy (nuclear fission or fusion). Fossil fuels will not disappear for the next 100 years, but it is 

expected an energy shortfall within the next 50 years. Thus, the correct use of energy is a very 

important subject for the future sustainability, both in an environmental and economical matter [1],[2]. 

The rising demand of energy makes CO2 emissions a global concern, as they result mainly from fossil 

fuel’s combustion. According to IEO2011 (International Energy Outlook) reference case [3], CO2 

emissions will grow until 2035, with special preponderance on the non-OECD countries (predicted 

increase of 19,184 in 2012 into 28,897 million metric tons of carbon dioxide in 2035, for the total of 

non-OECD countries [3]). In this context, Nuclear Fusion Energy appears as a promising energy 

source for the future. It is clean, with no greenhouse emissions or chemicals emitted to the 

atmosphere, and virtually renewable.  

Fusion science has been studied for decades, and it is a very complex subject. Its feasibility is 

recognized, but it still requires a great amount of engineering, technological and scientific challenges. 

It is still not completely known if nuclear fusion will be competitive with the current major energy 

sources. Thus, bold economical investments and political incentives are essential to the success of 

nuclear fusion in the future. These challenges have made the construction of a net power producing 

fusion reactor an endeavor requiring a worldwide effort to make nuclear fusion a reality.  

ITER (International Thermonuclear Experimental Reactor) aims to be the first reactor to prove the 

scientific and technological feasibility of nuclear fusion energy. It is currently under construction in 

Southern France, and it is a big international cooperation project for the development of a fusion 

reactor with twice the size of the largest reactor currently in operation.   

 Thermonuclear fusion 1.1.

Nuclear fusion is the fusion of two light atoms into a heavier element. This process releases energy, 

since the products of the reaction have less mass then the reactants. The use of this energy in a 

controlled environment can result a potentially unlimited source of energy. The current fusion research 

is the 𝐷 − 𝑇 (Deuterium-Tritium) reaction: 

 

𝐷 + 𝑇 → 𝛼 + 𝑛 + 17.6  𝑀𝑒𝑉   (1.1) 

This reaction is easier to achieve, since it has a high probability to occur at low energies. The energy 

produced is distributed in 14.1  𝑀𝑒𝑉 for the neutron (𝑛) and 3.5  𝑀𝑒𝑉 for the alpha particle (𝛼).  
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Figure 1 – D-T Fusion reaction 

Deuterium exists naturally on earth. It is a component of water, and so it can be considered an infinite 

resource. Tritium has a twelve-year lifetime, and therefore does not exist on a natural state, having a 

very reduced world supply. The solution to the tritium supply problem is the use of lithium. The natural 

reserves of lithium on earth are enough to assure the production of fusion energy for a virtually 

unlimited time through the following reactions:  

 

𝐿𝑖!! + 𝑛 → 𝛼 + 𝑇 + 4.8  𝑀𝑒𝑉 (1.2) 

 

𝐿𝑖!! + 𝑛 → 𝛼 + 𝑇 + 𝑛 − 2.5  𝑀𝑒𝑉 (1.3) 

The reaction (1.2) is the dominant one for tritium breeding because, even though 𝐿𝑖!! is less abundant, 

it is a much easier reaction to initiate with the 14.1 MeV neutrons produced in the fusion reaction. 

To produce the 𝐷 − 𝑇 reaction, a temperature of the order of 150 million degrees Celsius is required, 

which is around 10 times hotter than the plasma of the sun. At these temperatures, the fuel becomes 

completely ionized and turns into a plasma. The plasma consists of a hot mixture of negatively and 

positively charged particles, which can therefore be confined by means of magnetic fields. 

The confinement of the plasma in a container is called thermonuclear controlled fusion. One of the 

most promising devices to achieve this confinement is the Tokamak (see Figure 2), acronym for 

toroidal chamber and magnetic coil in Russian. A tokamak uses magnetic fields to confine the hot 

plasma column inside the walls of a toroidal chamber. The two main fields used to achieve this 

confinement are the toroidal 𝐵! and poloidal 𝐵! fields. The toroidal field runs along the torus direction 

and is produced by the external toroidal field coils. The plasma current flowing in the toroidal direction 

creates the poloidal field; this current is generated through a flux change in a primary coil in the centre 

of the torus, with the plasma acting as the secondary. Varying the current in the inner primary coil 

induces a magnetic flux variation that creates the toroidal plasma current. However, the current in the 
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primary coil cannot increase continuously in time. This means that, in the absence of non-inductive 

plasma current generation, the tokamak works in pulses (that can reach thousands of seconds, as in 

the case of ITER), and not in continuous mode.  

 

Figure 2 – Tokamak coil system, toroidal and magnetic fields and the resultant helical plasma 

confinement  

The combination of the toroidal and poloidal fields produces a helical trajectory magnetic field around 

the plasma current, trapping ions and electrons, and confining the plasma along the toroidal chamber. 

The goal of the tokamak is to confine the plasma for a sufficiently long time so that the ignition 

condition (see (1.4)) is reached and fusion reactions can occur in a self-sustained way, keeping the 

plasma temperature without the help of additional external heating. This happens when the alpha 

power heating is enough to balance the Bremsstrahlung and conduction losses, without the need for 

external heating power [37]. It is expected that the breeding of tritium, once initiated, is assured 

through a recombination of the released neutrons in the fusion reactions with a lithium protection 

blanket inside the toroidal chamber.  

For a nuclear reaction to take place, sufficient energy must be provided to the primary nuclei such that 

their relative velocity overcomes the Coulomb repulsive force. For the 𝐷 − 𝑇 reaction, this happens at 

temperature values of around 100 million Cº. Figure 3 shows the reactivity of different fusion reactions, 

that is, the product of the probability and the energy released for each reaction, as a function of the ion 

temperature. The 𝐷 − 𝑇 reaction shows the largest reactivity, with a maximum within the 10 − 20  𝐾𝑒𝑉 

temperature range in the plasma. In a tokamak, these temperatures can be reached in a first stage 

through the ohmic heating resulting from the plasma current. Plasma resistivity, however, gets weaker 

with the increase of the temperature until the point it can no longer compensate for the radiation 

losses, not being able to continue heating the plasma. Hence, for the plasma to achieve the desired 

temperatures, additional heating is used, such as the injection of neutral particles and of radio 

frequency waves.  
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In a fusion plasma, the ignition condition is defined by the so-called Lawson’s triple fusion product 

𝑛.𝑇. 𝜏!, where 𝑛 is the peak plasma density, 𝑇 is the peak plasma temperature and 𝜏! is the energy 

confinement time. For parabolic density and temperature profiles, the ignition condition is [5]: 

 

𝑛.𝑇. 𝜏! > 5x10!"  𝑚!!.𝐾𝑒𝑉. 𝑠 (1.4) 

 

Figure 3 – Reactivity as function of the ion temperatures for different fusion reactions (obtained from 

[12]) 

In a tokamak, the energy confinement time τ E  is the key factor, and it can be improved by reducing 

the losses and instabilities in the plasma. That can be achieved with the help of specific diagnostics, 

used to measure key parameters of the fusion process, and advanced control techniques used for 

instability control and mitigation. 

 ITER Tokamak 1.2.

ITER (International Thermonuclear Experimental Reactor) is currently under construction. It is a big 

international cooperation project for the development of a fusion reactor with twice the size of the 

largest reactor in operation, with the participation of countries from around the world (EU, US, China, 

Japan, India Russia, South Korea).  

ITER’s scientific goal is to demonstrate the technological feasibility of fusion energy. For that, it is 

projected to produce 10 times more power than it consumes: 500 MW produced from 50 MW of input 

power, being able to provide thermal energy in the scale of a common electricity power station 



 7 

(although in ITER fusion energy won’t be converted into electricity). It will have about 24 m in diameter 

and 15 m height, holding a plasma volume of around 850 m3. Its projection has been made for 35 

years: 10 years for construction, 20 for operation, and 5 for deactivation. In a first phase, controlled 

ignition, extended burn, steady state operation, and the blanket modules performance will be studied 

for pulses of the order of thousands of seconds. In a second phase, the overall performance will be 

improved, with an even higher neutron flux and proper tritium-breeding scenario, and different 

components and materials will be tested and optimized. 

 

Figure 4 – Poloidal cut of the ITER tokamak (obtained from http://www.iter.org/)   

It will succeed tokamaks like JET (Joint European Torus) or ASDEX Upgrade. JET was the first 

tokamak producing fusion power using a 𝐷−𝑇 plasma, having achieved a record of 16 MW peak fusion 

power. ASDEX Upgrade was used to perform advanced physical studies, diagnostic validations and 

technological developments, like the development of the divertor plasma configuration to be used on 

ITER; it is the successor of ASDEX, where the H-mode was discovered during the 80s. These fusion 

facilities, along with many others, have set the basis for ITER. 

ITER, however, will have no precedents in terms of size, confinement time or fusion power. The 

unparalleled size of ITER is necessary to achieve the ignition condition, so that the 𝛼-particle heating 

through collisions can balance the overall power losses [4]. As an example, it will hold 9 times the 

plasma volume of JET, the largest tokamak currently in operation. ITER’s characteristics are 

presented in Table 1. These characteristics were defined taking in account a compromise between the 

physics requirements for (e.g. plasma confinement and stability) and the engineering constraints (e.g. 

neutron shielding or mechanical stress), necessary to maintain the machine working with safety and 

reliability at reasonable costs.  



 8 

 

Table 1 – ITER tokamak characteristics (obtained from [14]) 

Total Fusion Power: 1.5 GW 

Neutron Wall loading: 1 MW/m2 

Plasma Major Radius (R): 8.1 m 

Plasma minor radius (a): 2.8 m 

Plasma safety factor (q): 3 

Plasma current (Ip): 21 MA 

Toroidal Field at R/toroidal field coil: 5.7 T/12.5 T 

Plasma configuration: X-point with a single divertor 

Auxiliary heating power (Paux): 100 MW 

 

Several issues determine the plasma performance: the energy confinement time, and the capability to 

reach the ignition scenario; plasma pressure and density profiles; impurity exhaust and divertor power 

handling. The main reference operational scenario will be the H-mode. H-mode stands for High 

confinement, and was discovered in ASDEX upgrade tokamak when, above a power threshold, the 

plasma confinement was abruptly enhanced. Figure 5 shows the predicted H-mode confinement time 

for ITER in comparison with other tokamaks.  

 
 

Figure 5 – H-mode confinement time predicted for ITER in comparison with other tokamaks like JET, 

D3D and ASDEX Upgrade (obtained from [11]) 
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The plasma configuration used in ITER will be the divertor configuration. In this configuration the 

plasma last closed flux surface, or separatrix, is controlled by an extra set of coils such that the 

separatrix intersects itself, creating an X-point (see Figure 6). Below the X-point, a divertor is placed to 

withstand the high heat loads from the plasma and to pump impurities out of the plasma such as H! 

ashes from the scrape-off layer (SOL), region of the plasma outside of the last closed flux surface). 

 

Figure 6 – Divertor configuration on the left. Toroidal section of the tokamak on the right (obtained 

from [14]) 

ITER will be a very complex facility, joining together heating and power supply systems, remote 

handling, real time control and diagnostic techniques. It will deal with demanding technologies, like 

vacuum, low activation materials or cryogenics. All of these subjects are studied with a certain degree 

of individuality, but they are all integrated into a unique project, making their construction and 

development a rather interesting and challenging process. The performance of ITER has been studied 

based on the most recent fusion results in other tokamaks. Additionally, different expert groups, joined 

in a collaborative work, have addressed different specific physics problems. The main technical 

constraints are: the size of the superconducting coils and their supporting structures; high neutron and 

heat fluxes in the first wall of the vacuum vessel and in the divertor; the need for remote handling for 

maintenance and intervention procedures; unprecedented fusion hardware, such as fuelling or 

diagnostic equipment. 

The experience gained through the operation of ITER will be the basis for the next step in the fusion 

roadmap: the construction of DEMO (demonstration power plant), a more advanced fusion reactor, 

which will aim at providing the first glance on the commercial use of fusion energy. An important 

subject of study is the microwave reflectometry, a well studied and validated diagnostic, which can 

provide a robust and reliable diagnostic in ITER’s extreme conditions, and also with potential to be 

used on DEMO. 
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 Fusion diagnostics 1.3.

Diagnostics play an essential role in a tokamak. They provide key measurements of the first wall and 

plasma parameters that are important for: 

-‐ Machine protection and control – to alert and prevent damages on the tokamak. 

-‐ Advanced plasma control – to achieve the best plasma performance in operational scenarios. 

-‐ Evaluation and physics studies – evaluation of plasma performance, and optimization or 

validation of physical models on the plasma behaviour in different operational conditions. 

 

A good diagnostic system must: 

-‐ Not perturb the plasma in a significative way 

-‐ Provide accurate and reliable results 

-‐ Have high spatial and temporal resolutions 

-‐ Assure good performance in all operating conditions for which it was designed. 

 

 

Figure 7 - ITER diagnostic integration in dedicated ports around the tokamak 

The never experienced before extreme conditions in ITER make the subject of diagnostic integration a 

challenging process. The principal difficulties have to do with the high levels of neutron heating 

(around 1 MW/m3) and with the strong electromagnetic forces that can occur in the vacuum vessel. 

Many effects new to diagnostic design may occur that can change and damage the material 

properties, or generate spurious signals, affecting the overall diagnostic performance. ITER 

diagnostics will have to be compatible with high vacuum levels, and to withstand large temperature 

amplitudes, high heat fluxes (in particular for components near the first wall) and high 

electromechanical loads (for example during disruptions). Also, due to space constraints and to the 

need to restrict the neutron flux, the access to the vacuum vessel is very limited, increasing the level 
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of difficulty for diagnostic integration. Due to the high activation levels foreseen, remote handling tools 

are needed for the installation/removal of machine/diagnostic components. This harsh environment 

creates a difficult challenge for the longevity and reliability of diagnostics during the lifetime of ITER. 

Taking into account the harsh environment of ITER and the increasing demand for trustworthy 

measurements, the reliability and broadness of the diagnostic systems required will be higher than the 

previous existing tokamaks 

In some cases, the conditions will be so extreme, that R&D for new types of diagnostics must be done. 

In ITER, the overall diagnostic system will be comprised of about 50 individual systems, including 

magnetic, neutron, spectroscopic, bolometric, optical and microwave diagnostics. They will be 

installed inside and outside the vacuum vessel, in dedicated upper and equatorial ports, or in the 

divertor cassettes [8][9]. The space available for diagnostics will be limited. In addition, cost and 

complexity of the diagnostics should be kept within the strictly required to allow them to fulfil their role 

in ITER. Priorities are set so that the diagnostics for machine protection have the highest priority. Next 

in line are the ones for basic control, and then the ones for advanced control. The integration of all the 

systems will be extremely challenging, since multiple systems will share the same space.  

Microwave electromagnetic spectrum is ideal for plasma parameter measurements and fluctuations, 

providing important measurements for machine protection and control. Microwave diagnostics often 

require waveguide systems and antennas that can be constructed in a very robust way, suitable for 

ITER’s harsh environment, and capable of withstanding extreme conditions, requiring reduced 

machine access, which is important to prevent damages due to neutron impact on the machine. One 

of the key parameters that will have to be measured with great accuracy in ITER will be the gap 

between the plasma edge and the first wall. Microwave reflectometry takes an important role in this 

measurement (see section 3.1).  
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Chapter 2 – Microwave Reflectometry 

Microwave reflectometry is a diagnostic used to measure the electronic density of a fusion plasma. It 

probes the plasma using electromagnetic waves that are reflected at density layers (dependent of the 

wave’s frequency) where its local refractive index goes to zero. By comparing the phase of the 

reflected wave with a reference wave it is possible to derive the position of the density layer in the 

plasma. By varying the frequency of the probing wave it is possible to probe different density layers 

and in this way reconstruct the electronic density profile. This particular technique is known as 

broadband microwave reflectometry. The first density profiles of a fusion plasma were obtained during 

the 80s by F. Simonet in the TFR tokamak, quickly followed by successful applications of this 

technique in the JET (A. Hubbard) and ASDEX (M. E. Manso) tokamaks.  

Since its first use, many improvements were made to broadband reflectometry and the technique is 

now widely recognized as a robust and well-validated diagnostic. Broadband reflectometers in 

operation in current machines exhibit simultaneously high spatial (below 1 cm) and temporal (typically 

15 𝜇𝑠)  resolutions. Apart from its measuring capabilities, reflectometry has several features that make 

it attractive for future fusion devices like ITER and, in particular, DEMO. On one hand, reflectometry 

requires reduced machine access, which makes it an ideal candidate in view of the high neutron flux 

and restricted space in these machines. On the other hand, the combined simplicity and robustness of 

the diagnostic front-end (antennas and in-vessel waveguides) is an added value when compared to 

other diagnostic techniques that can provide similar measurements. 

In the following sections we present and discuss the basic principles behind broadband reflectometry. 

 Electromagnetic waves in a magnetized plasma 2.1.

The study of the propagation of millimetre waves in magnetized plasma will be done in the context of 

microwave reflectometry. Hence, it is assumed that a probing wave is set to be perpendicular to the 

toroidal magnetic field (𝑩𝝓), and that the toroidal field variation can be neglected in the probed region. 

To study the wave propagation in a dielectric medium, a complete approach would be complex and 

rather extensive, with implicit solutions that are hard to interpret. Instead, a more practical approach is 

used, with the following approximations [5], [12]: 

-‐ Cold plasma approximation, which means that the particles constituting plasma are in 

equilibrium state if no electromagnetic perturbations occur, and they oscillate around their 

position if there is any perturbation. This is valid when the phase velocity of the wave is large 

enough compared to the thermal velocity, such that dissipation losses can be neglected. The 

plasma can than be considered as a fluid of ions and electrons coupled by electromagnetic 

waves;  

-‐ High frequency approximation, which stands that, because the ion cyclotron and plasma 

frequencies are too small compared to the probing wave frequency, due to the ions inertia, 
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only electrons will be induced by the probing wave and have influence in the plasma 

polarization;  

-‐ Slab model approximation, which states that the plasma will be inhomogeneous only in the 

direction of the wave propagation, and can be thought as layered, or stratified medium in that 

direction. 

Under these conditions, the macroscopic electromagnetic behaviour is described using the Maxwell 

equations [15]. Assuming plane waves, a 𝐞𝒊 !"!𝒌.𝒓]  dependence is considered, where 𝜔 is the wave 

frequency and 𝒌 is the wave vector, Maxwell equations can be rearranged into the following result [16] 

[6]: 

𝒌𝒌 − 𝑘!𝟏 +
𝜔!

𝑐!
  𝛜 ∙ 𝐄 = 𝟎, 

(2.1) 

 

This is the dispersion relation of the wave, where 𝛜 is the dielectric tensor and 𝐄 is the electric field 

vector. Using the approximations referred before for an anisotropic media, the general solution for the 

refractive index 𝑁 = 𝑘𝑐/𝜔 can be achieved looking at the kinetic theory for the electron motion in the 

cold plasma, taking in account the induced velocity on the electrons 𝒗 with mass 𝑚!: 

 

𝑚!   
𝑑𝒗
𝑑𝑡

=   −𝑒(𝑬 + 𝒗  𝑋  𝑩!) 
(2.2) 

 

In a cold plasma, the current density can be written as 𝒋𝒕𝒐𝒕 = −𝑛!𝑒𝒗 = 𝝈 ∙ 𝑬 , where 𝝈  is the 

conductivity tensor, while 𝑛! is the electron density and 𝑒 the electron charge. Assuming the wave 

travels in the 𝑧 direction, perpendicular to the plasma toroidal field and that 𝑩𝝓 = 𝑩𝟎 goes in the 

𝑦  direction, the dielectric tensor 𝛜 = 𝟏 + !
!!!

𝝈  can be found [6]: 

 

𝛜 =   

1 −
𝜔!"!

𝜔! − 𝜔!"!
0 𝑖

𝜔!"! 𝜔!"
(𝜔! − 𝜔!"! )𝜔

0 1 −
𝜔!"!

𝜔! 0

−𝑖
𝜔!"! 𝜔!"

(𝜔! − 𝜔!"! )𝜔
0 1 −

𝜔!"!

𝜔! − 𝜔!"!

 

(2.3) 

 

where  𝜔!" =
!!!
!!

 is the electron cyclotron frequency and 𝜔!" = 𝑛!𝑒!/𝜖!𝑚!. is the plasma frequency. 

Using the result of (2.3) on (2.1), the Appleton-Hartree relation can be derived [6: eq.4.1.24]. This 

relation gives the general expression for the refractive index for all types of propagation. For the 

particular case of perpendicular propagation (𝒌 ⊥ 𝑩𝟎) the Appleton-Hartree relation becomes: 
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𝑁!,!! =   1 −
2𝑋 1 − 𝑋

2 1 − 𝑋 − 𝑌 ± 𝑌
 

(2.4) 

 

where 𝑋 = 𝜔!
!"/𝜔! and 𝑌 = 𝜔!"! /𝜔!. The plus sign in the denominator corresponds to the ordinary 

wave (O-mode) and the minus sign to the extraordinary wave (X-mode). In the O-mode the electric 

field is polarized parallel to the magnetic field 𝑩𝟎 (see Figure 8). The X-mode happens when the 

electric field is polarized perpendicular to the magnetic field 𝑩𝟎. The antennas used in the ITER PPR 

will operate in O-mode, where the expression obtained for the refractive index is: 

 

𝑁!! = 1 −
𝜔!"!

𝜔! = 1 −
𝑛!
𝑛!

 
(2.5) 

with a cut-off frequency 𝜔 =   𝜔!", and a cut-off density 𝑛! =
!
!

!
𝜖!𝑚!. Propagation is possible for 

𝜔 > 𝜔!" and 𝑛! < 𝑛!.  For the case in which 𝜔 < 𝜔!", the refractive index becomes imaginary, the 

wave can no longer propagate and is reflected. For the propagation in O-mode the refractive index is 

only dependent on the electron density 𝑛!, without any dependency on the magnetic field 𝐵𝝓. This is 

the same as for the isotropic case, and it is why the wave sees no changes in its polarisation in an 

anisotropic medium.   

 

 

Figure 8 – O-mode reflectometry. The electric field emitted by the antenna is polarized such that it is 

parallel to the toroidal field 𝐵!  
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 Reconstruction of the density profile 2.2.

In O-mode operation, when a wave is launched into the plasma, it propagates until it finds a cut-off 

layer where the local plasma frequency equals the probing wave frequency. When this happens, the 

wave is reflected back and detected by the receiving antenna. During the propagation of the probing 

wave, from the time when it’s launched into the plasma until it is reflected back into the receiving 

antenna, its phase changes accordingly to the distance travelled. For a given frequency, this phase 

difference can be used to determine the position of the critical layer where the wave was reflected.  

To solve the problem of an EM wave propagating in an inhomogeneous plasma that is reflected at the 

cut-off layer, a full-wave solution takes in account all the continuous reflections and interferences 

along the density profile while the wave approaches the cut-off [19].  

 A different and more practical method was proposed by Ginzburg [20]. It uses a WKB (Wenzel-

Kramers-Brillouin) approximation, and allows the electric field to be represented explicitly by the 

emitted and reflected waves. The emitted and reflected waves are explicit in the plus and minus signs 

of equation (2.6), with the wave propagating in the 𝑧 direction: 

 

𝐸! = 𝐴
1

𝑁 𝑧,𝜔
exp  [±𝑖

𝜔
𝑐

𝑁 𝑧,𝜔 𝑑𝑧
!"

!"
] 

(2.6) 

 

𝑁 𝑧,𝜔 𝑑𝑧!"
!"  is the microwave path length between the emitting antenna position and the reflecting 

layer position. For the O-mode, the phase delay of the probing wave can be written in a general form 

[10]: 

 

𝜙 𝜔(𝑡) =
2𝜔(𝑡)
𝑐

  𝑁 𝑛! 𝑧, 𝑡 ,𝜔(𝑡) 𝑑𝑧

!!

!!(!)

−
𝜋
2

 
(2.7) 

where 𝑧!    is the position of the plasma’s edge, and the !
!
  factor is due to the phase change at the 

reflection layer.  

WKB method treats the plasma as a stratified medium, where at each infinitesimal layer the wave is 

reflected and refracted. It doesn’t take in account interferences with the waves reflected at the other 

layers. This approximation is valid whenever the density gradient characteristic length 𝐿 𝑧  is too large 

compared to the probing wave wavelength 𝜆!: 

 

𝐿 𝑧 =
1
𝑛!
𝑑𝑛!
𝑑𝑧

!!

≫
𝜆!
2𝜋

 
 (2.8) 
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Equation  (2.8) holds not true for the region near the cut-off layer: 𝑁(𝑧,𝜔) → 0. In this region, a linear 

behaviour of the density profile is assumed, and an exact solution is found through Airy integrals and 

continuity boundary conditions [19]. The spatial resolution of the WKB method is given by the width of 

the reflecting layer [20]: 

∆𝑧 ≅ 1,5  𝑋10!
1
𝑛!
𝑑𝑛! 𝑧
𝑑𝑧 !!!!

  
!!/!

 
(2.9) 

Typical values of ∆𝑧~1𝑐𝑚 are obtained for the O-mode probing of fusion plasma density profiles. 

For the O-mode propagation, the position of the reflecting layer (𝑧 𝜔! ) can be found performing an 

Abel inversion on equation (2.7) [6]: 

 

𝑧 𝜔! = 𝑧! −
𝑐
𝜋

𝜏 𝜔 .
𝑑𝜔

𝜔!! − 𝜔!

!!

!!

 
(2.10) 

where 𝑧(𝜔!)  gives the position of each critical layer, with the cut-off densities 

𝜔! = 𝜔!" = 𝑛!(𝑧)𝑒!/𝜖!𝑚! . The group delay of the probing waves is given by 𝜏 𝜔 = !! !   
!"

. The 

distance 𝑧! represents the wave propagation in vacuum and in the transmission lines.  

The probing frequencies used in O-mode reflectometry are usually circumscribed to the gradient 

region of the density profile (see Figure 9). O-mode reflectometry is limited at lower frequencies, in 

which the wavelength is too large compared to the density gradient of (2.8), and therefore WKB 

solution loses its validity (this initialization problem for low probing frequencies is addressed in [21]). 

O-mode reflectometry is limited at higher frequencies, where the density gradient (𝑑𝑛!/𝑑𝑧) becomes 

very small, decreasing the spatial resolution of (2.9) in such a way that reflectometry can no longer be 

used as an accurate diagnostic.  

The gradient region is show in Figure 9 for a typical profile [18] of the type: 

𝑛! 𝑟 = 𝑛! 1 −
𝑟
𝑎

! !
 

(2.11) 

where 𝑛! is the peak plasma density, 𝑎 is the plasma column radius and 𝑟 is the distance from the 

plasma core to the edge. The parameters 𝛾 and 𝛼 define the shape of the profile. 
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Figure 9 – Typical density profile of a fusion plasma. Gradient density region probed by the O-mode 

reflectometry 

Figure 10 shows the example of a basic broadband reflectometry system. The detection signal results 

from the interference between the reflected wave with a reference wave. The output is a beat signal, 

given by [18]:  

𝑉!"# =
𝐴!! 𝑡 + 𝐴!! 𝑡

2
+ 𝐴! 𝑡 𝐴! 𝑡 cos𝜙 𝑡  

(2.12) 

 

 

Figure 10 – Basic broadband reflectometry system (left). Density profile obtained from the probing 

frequency band (right) (obtained from [12]) 
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where 𝐴! 𝑡 cos𝜔𝑡  and 𝐴! 𝑡 cos(𝜔𝑡 + 𝜙 𝑡 )  are the reference and reflected wave signals, 

respectively. A reflectometry system can be mono-static (single antenna) or bi-static (an emitting and 

a receiving antenna). It can be homodyne: one oscillator used to generate the probing and reference 

signal, or heterodyne: two oscillators used (for more information see [5]).  

In the case of frequency modulation of a continuous wave (FM-CW) reflectometry, the probing source 

is a chirp with a frequency range 𝑓!: [𝐹1 − 𝐹2] (see Figure 10). In this method the sweeping rate (𝑆!) of 

the probing frequency is imposed: 

𝑆! =
𝑑𝑓!
𝑑𝑡
   

(2.13) 

The detected beat frequency signal 𝑓! is given by [12]: 

𝑓! =
1
2𝜋

𝑑𝜙
𝑑𝑡

=   
1
2𝜋

𝑑𝜙
𝑑𝑓!

  
𝑑𝑓!
𝑑𝑡

=
1
2𝜋

𝑑𝜙
𝑑𝑓!

   . 𝑆! 
(2.14) 

This way, !
!!

!"
!!!

= 𝜏 𝑡 , required to construct the inverted density profile of (2.10) can be obtained from 

𝑆! and 𝑓!. Hence, it is of great importance to achieve the accurate evolution of the beat frequency 𝑓! in 

time in order to construct the correct density profile. A description of different 𝑓!  reconstruction 

approaches can be found in [22]. The beat signal can be very sensitive to plasma fluctuations when 

the wave is propagating and reflecting on the plasma, causing phase and amplitude modulation. To 

overcome this problem, the frequency sweep should be made within a time smaller than the 

fluctuation time scale of the cut-off layers. Ultra fast sweeping has been developed on Asdex-

Upgrade, Tore Supra and DIII-D tokamaks [23][24][25]. 

Reflectometry witnessed a great development within the past decade, and provides great interest for 

ITER plasma monitoring. An example of a successful reflectometry application is the one on ASDEX 

Upgrade tokamak, where plasma density profiles where measured with a 30us time resolution [26]. 

Another example is the plasma position reflectometry control, demonstrated at ASDEX Upgrade [7].  
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Chapter 3 – Plasma Control 

Tokamaks function with pulses of a few seconds to thousands of seconds. In each pulse several 

phases are comprised: first, the plasma is created, then its current is ramped up into a reference value 

and maintained in a quiescent burning state. Finally it is cooled down and the pulse is terminated. 

These steps are achieved through the control of the coils current time evolution, as well as the use of 

additional heating [13]. Plasma control is the scientific and technological process of producing a 

plasma discharge in a tokamak, controlling and optimizing the plasma parameters in the desired way. 

To achieve this goal, great progresses were made until today, and substantial experience was 

achieved in key measurements such as the plasma current, plasma shape and position, and the 

determination of the density and temperature profiles. 

ITER’s tokamak will require very accurate diagnostics in a very complex and harsh environment. 

Plasma radial and vertical control is possible through powerful magnetic fields, created by the current 

passing through poloidal and toroidal coils. In ITER, these coils will be constituted by several turns of 

superconductor material, producing currents of the order of many MA. High-pressure plasmas require 

shape configurations within a high accuracy level. The use of vertical elongated shape of plasmas 

maximizes the performance-to-cost ratio, but causes vertical instabilities. Along with this, unpredicted 

instabilities and uncertainties in the plasma behaviour raise the need for vertical control and additional 

shape control. The control of the plasma shape can also improve plasma performance, increasing 

stability and energy confinement time, or decreasing particle deposition. 

For ITER, a demanding control system will be needed, providing accurate and reliable feedback for 

numerous control outputs. Plasma control circuits and passive conductors interact with each other 

through electromagnetic fields. Along with some simplifying assumptions [13, p.76], a system of finite 

parameters can be used to model plasma evolution, using measured parameters from the diagnostics, 

such as the total plasma current or internal and external inductance [17].  

 Within the need to control the plasma in an enhanced performance scenario, the control of the 

plasma position and shape plays a vital role. It will assure the best plasma performance for fusion, and 

will also prevent the plasma column to collide with the walls of the toroidal chamber. It is, therefore, a 

fundamental procedure to protect the machine from violent disruptions and damaging of the tokamak. 

To prevent these damages, an online feedback plasma position control is needed, and the use of 

magnetic and reflectometry diagnostics will play an essential and supplementary role in this control. 

 ITER Plasma Position Reflectometer (PPR) 3.1.

ITER PPR (Plasma Position Reflectometer) will consist on a set of five reflectometers, distributed 

toroidally and poloidally on the Tokamak, that will probe the plasma at four specific locations known as 

gaps 3,4,5 and 6 (see Figure 12). The five reflectometers will provide the data to reconstruct the 
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plasma edge density profiles (see section 2.2), with the main purpose of controlling the gap distance 

between the first-wall and the location of a given density layer, provided by the plasma control system.  

In present devices, this control is done by controlling the currents of dedicated control coils, through a 

magnetic flux reconstruction code that uses the data obtained from magnetic sensors. For ITER’s long 

pulse operation scenario, however, the integration of the signals from the magnetic coils may 

accumulate significant errors from drifting integrators, or from incident radiation on the magnetic 

sensors. This raises the need for an independent and supplementary diagnostic like the PPR. Its use 

on ITER will be essential, since the gap distance control will be a vital measure, not only for machine 

protection but also to assure the high performance of the plasma. Regarding plasma protection, 

reflectometry provides a diagnostic superior to magnetic measurements, since the edge density profile 

is a more direct diagnostic to indicate if the plasma is colliding with the first-wall. Also, the fact that it 

works in O-mode means it has no dependence on the toroidal magnetic field, making it an even more 

independent diagnostic from the magnetic flux reconstruction. 

IITER PPR is a promising diagnostic, since it only requires waveguides and antennas that can be 

made very robust, in order to suit the ITER’s challenging environment. It is a well-known and widely 

studied diagnostic that provides high spatial and temporal resolutions; it doesn’t perturb the plasma in 

a significative way and requires moderate access to the machine.  

It will be a bi-static system, to avoid spurious reflections in the waveguides, and an heterodyne 

system. It will probe the plasma in O-mode propagation for a 15 − 75  𝐺𝐻𝑧 range of frequencies, which 

corresponds to a range of probed densities of ~0.28 − 7  𝑋10!"  𝑚!!. The good performance of the PPR 

is strongly influenced by the performance of the antennas, and by the power coupling between the 

emitting and receiving antennas, after the reflection of the probing wave in the plasma column (see 

Chapter 5).  

The reflectometers will access the gaps through dedicated equatorial and upper port plugs installed on 

the tokamak. Figure 12 shows the integration of the plasma position reflectometry on ITER. It will be 

made on the upper port 1 (gaps 4 and 5), upper port 14 (gap 6) and equatorial port 10 (gap 3). Gap 5 

will need two reflectometers directed in different directions, due to the curved shape of the plasma in 

that region.  

The systems located at gaps 4 and 6 are known as in-vessel systems, since their access to plasma 

will be done through small apertures between vertically adjacent blanket modules (see [33]). The 

antennas on gap 6 will probe the high-field side, entering the vessel through Upper Port 14, while in 

gap 4 they will probe the low-field side, entering the vessel through Upper Port 01. Due to geometric 

restrictions, and the need to protect the antennas from nuclear heating, in these systems the antennas 

will see the plasma through small apertures between two vertically adjacent blanket modules. 

This thesis addresses the original antennae configuration of the PPR reflectometers, where a bi-static 

side-by-side arrangement of two asymmetrical sectoral horn antennas was proposed by ITER (see 

Chapter 5). Because of the small space available and the small separation between the feeding 
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waveguides, the antennas are only flared along one direction, becoming asymmetric (see Figure 11 

and Chapter 5).  

A thermal and mechanical structural analysis of this system integration in gap 6 can be found on [27], 

and it concludes that the antennas are suitable to work under ITER conditions. 

 

Figure 11 – Integration of the in-vessel antennas between blankets (obtained from [33]) 

 

Figure 12 –Toroidal view of the port-plug installation on the ITER tokamak. Location of the PPR 

systems. Gaps 3-6 accesses for the ITER PPR systems using the Equatorial and Upper Ports 

(obtained from [32]) 

For reflectometry to be used in plasma shape control, the position of the density layer in the plasma’s 

separatrix is needed, or a closed flux surface immediately adjacent. Assuming that in an in equilibrium 

plasma, the density along a closed flux surface is constant, this would be a representative 

measurement of the plasma shape. Once the edge density profile is reconstructed, finding the plasma 

separatrix is simple, if the density corresponding to that flux surface is known. In the work presented in 
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[7], it is used an empirical scale relation between the plasma average density and the plasma density 

at the separatrix, making it possible to perform a real-time feedback control of the plasma position 

using the edge density profiles obtained from reflectometry (see next section). 

 Plasma position control at Asdex Upgrade: a successful validation of 3.2.

ITER’s O-mode PPR 

Recently, in ASDEX Upgrade, O-mode reflectometry was successfully used to track the plasma 

separatrix in real time (see [7]). The results obtained show the capability of reflectometry to provide 

measurements of the separatrix position within a 1  𝑚𝑠 cycle with an accuracy below 1  𝑐𝑚, which is 

compatible with the requirements of the PPR system for ITER.  

A sophisticated broadband Frequency Modulated Continuous Wave (FM-CW) reflectometer was used 

to obtain a good estimation of the density profile just inside the separatrix. Interferometry core line 

integrated density measurement was used to measure the average line density of the plasma (𝑛!). 

There is an empirical scaling relation between the plasma line average density and the density at the 

separatrix for different operational scenarios (L-mode, H-mode, Ohmic mode). This way, the separatrix 

position is found using the reconstructed density profiles for the estimated density layer of the 

separatrix (𝑛!"#). For scaling values of !!"#
!!

< 60%, this method gave an error of the density of the 

separatrix below 4,8%, which translates into errors of a few millimetres in the separatrix location (the 

accuracy required for ITER’s accuracy is below 1  𝑐𝑚).  

 

Figure 13 – O-mode PPR Reflectometry on ASDEX Upgrade (obtained from [7]) 

Dedicated algorithms were made to efficiently compute the reflectometry density profiles and to 

compute the plasma separatrix position in real time [12]. They took in account the problem caused by 

the O-mode lack of reflectometry data at densities below ~0.3  𝑥  10!"  𝑚!! and turbulence effects.  
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Figure 14 – Separatrix position control from reflectometry and magnetic measurements on ASDEX Up. 

Blue area represents the time window when the plasma has been controlled (adapted from [7]) 

Plasma position tracking was achieved analysing the online reflectometry density profiles. It was 

capable to provide separatrix position tracking in a 1  𝑚𝑠   cycle within the 10𝑠  ASDEX-Upgrade 

discharges. Feedback position control was made with an accuracy less than 1 cm and with a time 

processing ten times faster than the one required at ITER. In Figure 14 one can see the separatrix 

position control from reflectometry and magnetic measurements.  

This work was of the major importance to validate the use of reflectometry for plasma control, setting 

the basis for algorithm development and data acquisition specifications for the PPR system on ITER. 
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Chapter 4 – Aperture Antennas 

An antenna is usually a metallic device that converts an electromagnetic wave propagating on a 

transmission line into a wave radiating in free-space (transmission), or vice versa (reception). Aperture 

antennas are fed by waveguides and radiate electromagnetic waves in a privileged direction through 

an aperture.  

This chapter will first describe the parameters that allow the description of an antenna and its 

performance. Then, the theory behind the electromagnetic diffraction through a pyramidal and a 

sectoral horn is resumed, since these are the antennas addressed in our study (Chapter 5). 

 

 

 

Figure 15 – Horn antenna and emitted radiation beam 

 Antenna basic concepts 4.1.

Feeding waveguide 

A wave can travel in a rectangular waveguide in TE (Transverse Electric) and TM (Transverse 

Magnetic) modes. In TE modes, the electric field is null in the direction of propagation. In TM modes, 

magnetic field is zero along the propagation direction. The electric and magnetic fields for both TE and 

TM modes can be derived using Maxwell equations, Helmholtz equation and the boundary conditions 

on the waveguide walls. The fields are a superposition of (𝑚, 𝑛)  modes, such that each mode has a 

cut-off frequency and wavenumber above which it can propagate. The equations for a wave 

propagating in a lossless rectangular waveguide can be seen in [15]. If the waveguide dimension is 

𝑎𝑋𝑏, with 𝑎 > 𝑏 (see Figure 16), the cut-off frequency 𝑓! is given by: 

 

𝑓!(𝑚, 𝑛) =
1

2𝜋 𝜇𝜀
𝑚𝜋
𝑎

!
+

𝑛𝜋
𝑏

!
   

(4.1) 
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The cut-off expression is the same for TE and TM, but TM modes can only propagate for (𝑚, 𝑛) values 

different from zero. The mode that can propagate at the lowest frequency is called the dominant 

mode. In the case of a rectangular waveguide, the dominant mode is the TE (m=1,n=0), or TE10. For 

the case of Figure 16, TE10  and TE01 electric field distribution it is given respectively by (4.3) and (4.4), 

where 𝛽 is the propagation constant of the waveguide. 

 

  𝑬𝟏𝟎 = 𝒆𝒚𝐸! cos
𝜋𝑥
𝑎
exp−𝑖𝛽𝑧 (4.2) 

 

𝑬𝟎𝟏 = 𝒆𝒙𝐸! cos
𝜋𝑥
𝑏
exp−𝑖𝛽𝑧 (4.3) 

 

 

Figure 16 – Rectangular waveguide. TE10 (left) and TE01 distribution of the electric field magnitude 

The modes of the rectangular waveguides are the excitation source of the antennas studied in 

Chapter 5. ITER PPR antennas will operate in the TE01 mode, for a waveguide of dimensions 

𝑎 = 20  𝑚𝑚 and 𝑏 = 12  𝑚𝑚. 

Radiation pattern 

The radiation or antenna pattern is one of the most useful antenna describing parameters. It is “a 

mathematical function or a graphical representation of the radiation properties of the antenna as a 

function of space coordinates [28]“. The radiation pattern is commonly analyzed in the far-field region. 

The far-field region is the region far from the antenna aperture where the wave can be described as a 

plane wave only as a function of the angular coordinates, and the 𝑟   components of the 

electromagnetic fields are zero (𝐻! = 𝐸! ≅ 0).  Figure 17 shows the coordinate system used for the 

antenna analysis and the different field components. 𝑟 represents the distance from the antenna 

aperture, and 𝜃,𝜙 are the angular coordinates.  
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Figure 17 – Space coordinates used for the radiation pattern analysis. Electric and magnetic field 

components  

A common criteria to define the far-field zone is [29]: 

𝑟 = 𝑟! = 2𝐷!/𝜆 (4.4) 

where 𝐷 is the maximum aperture distance and 𝜆 the wavelength. In the far-field region, the field 

components are essentially transverse. The electric field decays with 1/𝑟  and can be defined by: 

𝑬 𝑟, 𝜃,𝜙 = 𝑬𝟎 𝜃,𝜙 .
exp −𝑖𝑘𝑟

𝑟
     

(4.5) 

From (4.5) it can be seen that the angular distribution in the far-field does not depend on the distance 

from the antenna. The other field regions surrounding the antenna are the reactive near field, whose 

region can be defined by 𝑟 < 𝑟! = 0.62 𝐷!/𝜆, and the Fresnel region: 𝑟! < 𝑟 < 𝑟!, where the angular 

distribution of the fields is dependent on the distance from the antenna. In the bi-static system of ITER 

PPR, the probing wave is expected to arrive at the plasma column mainly in the far-field region. 

A good way to evaluate an antenna is to analyze the 𝜃 radiation pattern for a fixed 𝜙 value. In fact, 

some plots for fixed important 𝜃 or 𝜙 values can be enough to characterize the antenna. The planes 

containing the electric or magnetic field vectors and the direction of maximum radiation are called the 

principal planes: E-plane and H-plane. In the analysis presented in Chapter 5, these are the planes 

used to characterize the antennas. Figure 18 shows the example of a directivity radiation pattern of an 

aperture antenna for a fixed 𝜙 value.  
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Figure 18 – Radiation pattern example. Directivity normalized to the maximum value, in dB units 

A radiation lobe is a portion of the radiation pattern bounded by nodes, or regions of weak radiation 

intensity. In Figure 18 the major lobe, as well as the side and minor lobes are identified. These are 

figures of merit of the antenna. The major lobe is in the direction of maximum radiation. The minor 

lobes are all the lobes except the main one. The minor lobes adjacent to the main lobe are called side 

lobes, and are usually the biggest. A back-lobe makes approximately 180º angle with the main lobe. 

The radiation patterns are usually normalized to the maximum value and in dB in order to put the 

minor lobes in evidence, and to better interpret the antenna performance. The side lobe level is a 

measure of how big is the side lobe compared to the main lobe, and it is an important figure of merit, 

since it determines the spatial resolution of the antenna: the smaller the side lobe level is, the better 

the antenna will work as a radar device.  

Beamwidth 

The beamwidth is the angular separation between two opposite and identical points on two sides of a 

lobe. Beamwidths can be defined in any useful possible way. Although, the most used beamwidths to 

describe the radiation pattern are the HPBW (half-power beamwidth) and the FNBW  (first-null 

beamwidth). HPBW is described by the angle between the two directions that contain the points with 

half the power of the lobe. FNBW is described by the angular separation between the two nulls 

adjacent to the lobe. Usually, when the beamwidth of the main lobe decreases, the side-lobes 

increase, and vice versa.  

Directivity 

Directivity (𝐷) is a measurement of how well the antenna radiates in a given direction. It is defined as 

the ratio between the radiation intensity 𝐹(𝜙, 𝜃) in a given direction and the radiation of an (imaginary) 

isotropic antenna: 
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𝐷(𝜙 = 𝛼, 𝜃 = 𝛽) =
𝐹 𝛼,𝛽

𝐹 𝜙, 𝜃!!!!,!!!
!,!!! sin 𝜃 𝑑𝜃𝑑𝜙

4𝜋

 (4.6) 

𝐹 𝜙, 𝜃!!!!,!!!
!,!!! sin 𝜃 𝑑𝜃𝑑𝜙 = 𝑃!"#  is the total power radiated by the antenna. Using (4.5), the 

radiation intensity in defined in the far-field by: 

𝐹 𝜙, 𝜃 =
𝑟!

2
  𝑅𝑒 𝑬 𝜙, 𝜃   𝑋  𝑯∗ 𝜙, 𝜃 =

𝑟!

2𝜂
𝑬 𝑟,𝜙, 𝜃 ! =

1
2𝜂

𝑬𝟎 𝜙, 𝜃 ! 
(4.7) 

Usually, directivity is calculated for the direction of maximum radiation, and denoted by 𝐷!. 

Antenna efficiency 

Antenna efficiency takes in account dielectric losses, losses through reflection and conduction in the 

antenna. If the efficiency related to each loss is described, respectively, by 𝑒! , 𝑒! and 𝑒!, the total 

antenna efficiency can be defined as: 

𝑒! = 𝑒!𝑒!𝑒! (4.8) 

Usually, dielectric and conduction efficiency are determined experimentally as a whole. Both 

efficiencies are called radiation efficiency 𝑒!": 

𝑒!𝑒! = 𝑒!" =
𝑃!"#
𝑃!"

 (4.9) 

Gain 

Gain relates the directivity and radiation efficiency by: 

 

𝐺 𝜙, 𝜃 =
4𝜋𝐹 𝜙, 𝜃

𝑃!"
= 𝑒!"

4𝜋𝐹 𝜙, 𝜃
𝑃!"#

= 𝑒!"𝐷 𝜙, 𝜃  
(4.10) 

 

Aperture efficiency 

In a two-antenna system like the bi-static system of ITER PPR, the aperture efficiency of the receiving 

antenna can be defined, relating the real area of the antenna’ aperture (𝐴) to its effective area (𝐴!): 

𝜂! = 𝐴!/𝐴   (4.11) 
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The effective area 𝐴! indicates the area of the antenna aperture that effectively receives the incoming 

emitted radiation. Flor planar apertures with 𝐴 ≫ 𝜆!, directivity can be written as a function of 𝜂! and 

𝐴!: 

 

𝐷 =
4𝜋𝐴!
𝜆!

=
4𝜋𝜂!𝐴
𝜆!

 (4.12) 

Polarization 

There are three types of polarization: linear, circular, and elliptical. In ITER O-mode reflectometry the 

field of the probing wave will be linearly polarized, which is to say that the electric or magnetic field 

vector is always oriented along the same direction at every instant in time.  

Polarization can also be an efficiency factor in an antenna. If an antenna is not polarized the same 

way of the incoming wave there is a polarization mismatch, characterized by the polarization loss 

factor (𝑃𝐿𝐹): 

𝑃𝐿𝐹 = 𝒆𝒘. 𝒆𝒂 𝟐 (4.13) 

where 𝒆𝒘, 𝒆𝒂 are the unit vectors of the wave and the antenna polarization, respectively. If the antenna 

is matched the two vectors are aligned: 𝑃𝐿𝐹 = 1.  

 Pyramidal and sectoral horns 4.2.

Aperture antennas range from simple open waveguides to horn antennas with various shapes, and 

they are most commonly used in the microwave frequency range.  

 

Figure 19 – Horn antenna. Coordinate system used to describe the far-field generated at the aperture 

A Horn antenna is a microwave aperture antenna that is flared (opened from the original waveguide 

dimensions) into a larger dimension than the feeding waveguide. It is widely used for satellite tracking, 

communications, and radar systems. It is popular for its simplicity, large gain and good performance. 
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Figure 19 and Figure 20 show the geometrical description of a pyramidal horn flared in the x and y 

directions.  

Horn antennas that have their aperture flared in only one direction are called sectoral horns. If the flare 

is in the electric field direction the antenna is called an E-plane sectoral horn. If it is flared in the 

magnetic field direction it is called an H-plane sectoral horn. If the antenna aperture is widened in both 

directions, the antenna is called a Pyramidal Horn.  

 

Figure 20 – Top views of a horn antenna flared in x and y directions, and the coordinates used to 

define it 

Antenna theory of diffraction  

The radiation characteristics of an aperture antenna are comprised on the antenna’s current 

distribution. Usually this is difficult to determinate, and alternative methods and reasonable 

approximations of the fields on the antenna vicinity are used. In aperture antennas, the fields at the 

aperture are the source of the far-fields at larger distances from the antenna. The field equivalence 

principle states that the actual sources of a field can be replaced by equivalent sources that produce 

the same field [28]. This principle can be used effectively to the problem of the electromagnetic 

diffraction through the antenna’s aperture. This is done using the equivalent principle and reducing the 

problem to equivalent electric and magnetic sources at the antenna aperture (𝑱𝒔,  𝑴𝒔), where the 

electric and magnetic fields are known [30][28]. The radiated fields can be calculated using the 

magnetic and vector potentials 𝑨 and 𝑭 at the aperture surface 𝑺, and using some approximations for 

the far-field region [30]: 

 

𝑨 =
𝜇
4𝜋

exp −𝑖𝑘𝑟
𝑟

𝑱𝒔 𝒓! exp 𝑖𝒌𝒆𝒓 ∙ 𝒓!   𝒅𝑺 
(4.14) 

 

𝑭 =
𝜖
4𝜋

exp −𝑖𝑘𝑟
𝑟

𝑴𝒔(𝒓!) exp 𝑖𝒌𝒆𝒓 ∙ 𝒓!   𝒅𝑺 
(4.15) 
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where 𝒓! = 𝒙!𝒆𝒙 + 𝒚!𝒆𝒚 is the position coordinate of each point in the aperture 𝑺 (see Figure 19). Using 

(4.14) and (4.15), and the relations between the surface currents (𝑱𝒔,  𝑴𝒔) and the surface fields at the 

aperture (𝐻!,  𝐸𝒔) [30], it is possible to arrive at the electric field radiating in the antenna’s far-field 

region (𝑬𝑭𝑭): 

𝑬𝑭𝑭 = 𝒆𝜽 sin 𝜃
𝑖𝑘
2𝜋𝑟

exp −𝑖𝑘𝑟 𝐸! 𝑥!, 𝑦!

𝑳𝑯𝒚
𝟐

!𝑳𝑯𝒚𝟐

𝑳𝑯𝒙
𝟐

!𝑳𝑯𝒙𝟐

exp 𝑖𝑘!𝑥! exp 𝑖𝑘!𝑦! 𝒅𝒙!𝒅𝒚! 
(4.16) 

 

𝑘!  and 𝑘!  are the components of the wave vector 𝒌 on the 𝑥 and 𝑦 coordinates. 𝐿!  and 𝐿!  are the 

dimensions of the waveguide and 𝐿!" , 𝐿!" the dimensions of the antenna aperture. 

Due to the angular opening of the horn, a wave propagating from the horn apex will travel different 

path lengths. This means that the waves arriving at the horn aperture will not be in phase. For a 

pyramidal horn, this phase difference at the aperture is described mathematically by the factor: 

 

𝛼 = exp−𝑖𝑘(𝜌(𝑥!, 𝑦!) − 𝜌!) ≅ exp[−𝑖𝑘
𝑦!!

2𝜌!!
+
𝑥!!

2𝜌!!
] 

(4.17) 

 

Where  𝜌(𝑥!, 𝑦!) is the distance from the horn apex to each point at the antenna aperture and 𝜌! its 

maximum value. Using (4.14) - (4.17), along with some approximations for the far-field region, and 

assuming a long and wide horn, the directivity pattern for sectoral and pyramidal horns can be 

calculated analytically for a given field distribution in the feeding waveguide [29].  

Pyramidal horn 

For a pyramidal horn to be physical realizable, the following relation must be true: 𝜌! = 𝜌! (see Figure 

20). The excitation field at the antenna input is determined by the waveguide feeding it. For a TE10 

mode propagation, using Figure 20 and equations (4.17) and (4.2), the field at the antenna aperture 

(𝑬𝒂) can be approximated to [29]: 

 

𝑬𝒂 = 𝒆𝒚𝐸! cos
𝜋𝑥
𝐿𝐻𝑥

exp[−𝑖𝑘
𝑦!!

2𝜌!
+
𝑥!!

2𝜌!
] 

(4.18) 

 

Using (4.14) – (4.16), the electric field in the far-field (𝑬𝑭𝑭) can be written as [29]: 
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𝑬𝑭𝑭 = 𝒆𝜽 sin 𝜃
𝑖𝑘
2𝜋𝑟

𝐸! exp −𝑖𝑘𝑟 ∗ 

cos
π𝑥′
𝐿𝐻𝑥

exp(𝑖𝑘!𝑥′ − 𝑖𝑘
𝑥!!

2𝜌!!
)

𝑳𝑯𝒙
𝟐

!𝑳𝑯𝒙𝟐

𝒅𝒙′   exp 𝑖𝑘!𝑦! − 𝑖𝑘
𝑦!!

2𝜌!!

𝑳𝑯𝒚
𝟐

!𝑳𝑯𝒚𝟐

𝒅𝒚′ 

(4.19) 

 

Directivity can be found using this result on (4.6), with the total power radiated by the antenna given by 
!
!!!

  𝐸!!
!!"!!"

!
. 

𝐷! 𝜃,𝜙 =
4𝜋 1

2𝜂 𝑬𝑭𝑭 𝜙, 𝜃 !

1
2𝜂!

  𝐸!!
𝐿!"𝐿!"
2

 (4.20) 

 

Figure 21 shows a normalized plot of (4.20) for an optimum gain horn (antenna’s dimensions were 

optimized for the highest gain at the given frequency of operation). Pyramidal horns are highly 

directive antennas, with the radiation pattern equally narrowed in all directions. Aperture efficiencies 

𝜂! vary typically from 30 to 90% [29]. Optimum gain pyramidal horns have 𝜂!~51%.  

 

 

Figure 21 – Normalized angular distribution of the absolute directivity of an optimum pyramidal horn.  

Sectoral horn 

The antennas in ITER PPR will propagate the TE01 mode for O-mode reflectometry. For a TE01 mode 

propagation, the field at the antenna aperture (𝑬𝒂𝒔) in a sectoral horn flared in the 𝒙 direction can be 

approximated to: 
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𝑬𝒂𝑺 = 𝒆𝒙𝐸! cos
𝜋𝑦
𝐿𝐻𝑦

exp[−𝑖𝑘
𝑥!!

2𝜌!
] 

(4.21) 

 

Using (4.14) – (4.16), the electric field in the far-field (𝑬𝑭𝑭𝑺) can be defined as: 

 

𝑬𝑭𝑭𝑺 = 𝒆𝜽 sin 𝜃
𝑖𝑘
2𝜋𝑟

𝐸! exp −𝑖𝑘𝑟 cos
𝜋𝑦!

𝐿𝐻𝑦
exp 𝑖𝑘!𝑥! − 𝑖𝑘

𝑥!!

2𝜌!

𝑳𝑯𝒚
𝟐

!𝑳𝑯𝒚𝟐

𝑳𝑯𝒙
𝟐

!𝑳𝑯𝒙𝟐

∗ 

 

  exp 𝑖𝑘!𝑦! 𝒅𝒙!𝒅𝒚! 

 

(4.22) 

Directivity 𝐷! can be found the same way as for the pyramidal horn: 

𝐷! 𝜃,𝜙 =
4𝜋 1

2𝜂!
𝑬𝑭𝑭𝑺 𝜙, 𝜃 !

1
2𝜂!

  𝐸!!
𝐿!"𝐿!"
2

 (4.23) 

Figure 22 shows a normalized plot of (4.23). In sectoral horns, the radiation pattern is wider in the 

direction where there is no flare, and narrower in the direction of the flare.  

 

 

Figure 22 – Absolute directivity pattern of an E-sectoral horn, normalized to the maximum value  
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The aperture dimensions can be optimized for the best directivity at a given operation frequency. For 

an E-sectoral horn, the optimized aperture length 𝐿! relates with 𝜆 and 𝜌! by: 𝐿! = 3𝜆𝜌!. For an H-

sectoral horn, the optimized aperture length 𝐿! is 𝐿! = 2𝜆𝜌!. 

Aperture efficiencies 𝜂!  vary typically from 30 to 90%. For open waveguides (no flare) aperture 

efficiency gives 𝜂!~81% [31].  

 Antenna coupling 4.3.

 

Figure 23 – N-port microwave network and S-matrix  

Figure 23 shows the example of a N-port microwave network, representing N transmission lines 

ending at N terminals, or ports. It relates the voltage of the reflected wave 𝑉! with the voltage of the 

incident wave 𝑉! at each port with: 

 

V! = S V! <=>
𝑉!!
⋮
𝑉!!

=   
𝑆!! ⋯ 𝑆!!
⋮ ⋱ ⋮
𝑆!! … 𝑆!!

𝑉!!
⋮
𝑉!!

 
(4.24) 

A system of two antennas that can propagate N modes can be described as a N-Port network, where 

each port represents a given mode that may propagate in the antenna. S-matrix is used in the analysis 

of the power coupling between the emitting and receiving antennas in sections 5.3 and 5.4. Another 

useful parameter that can describe the antenna performance using the S-matrix is the voltage 

standing wave ratio (𝑉𝑆𝑊𝑅)  

𝑉𝑆𝑊𝑅(𝑖) = (1 + Sii   )/(1 −    Sii ) (4.25) 

where Sii = Γ is the voltage reflection coefficient at the antenna Port i. It is a measurement of how 

good the antenna is matched to the line. In a matched load (no reflections): 𝑉𝑆𝑊𝑅 = 1. 
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The coupling of the antennas is a measurement of how much power radiated (𝑃!) by an emitting 

antenna is captured by a receiving antenna (𝑃! ). If the waveguides feeding the antennas are 

considered as Ports 1 and 2, the power coupling can be written using the S-matrix as: 

𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 = 20 log 𝑆!" 𝑑𝐵 = 10 log
𝑃!
𝑃!

 (4.26) 

which means that a good coupling between the antennas gives a value closer to zero (𝑆!" → 1). The 

Coupling is dependent on various factors, such as: 

-‐ Distance between the antennas 

-‐ Antennas orientation 

-‐ Directivity pattern of each antenna 

-‐ Polarization of each antenna 

-‐ Frequency of operation  

-‐ Radiation efficiency 

-‐ Aperture efficiency 

 

A useful formula that describes the antenna coupling is the Friis law [34], given by (4.27): 

𝑃!
𝑃!
= 𝑒!"#𝑒!"# . (1 − Γt !)(1 − Γr !) 𝒆𝒔𝒘. 𝒆𝒂𝒓 𝟐 𝐷!(𝜃,𝜙)𝐷!(𝜃,𝜙)

4𝜋
𝜆
4𝜋𝑅

!

 
(4.27) 

It describes the power received (𝑃!) by an antenna from an emitting antenna (𝑃!). 𝑅 is the distance 

between the antennas. 𝐷! 𝜃,𝜙   and 𝐷!(𝜃,𝜙) are the directivities of the transmitting and receiving 

antennas in the direction where they “see” each other. 1 − Γt !  and  1 − Γr !   are the reflection 

efficiencies of both antennas; 𝒆𝒔𝒘. 𝒆𝒂𝒓 𝟐 is the polarization efficiency between the transmitting and 

receiving antennas, and 𝑒!"# and 𝑒!"# are the radiation efficiencies of the transmitting and receiving 

antennas. Friis equation is an approximation, valid for distances in the far-field region, and widely used 

in telecommunications engineering.  

 

 

 

Figure 24 – Emitting and receiving antennae system at a distance R  
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Chapter 5 – Simulations and Results 

The original antennae configuration proposed for ITER PPR comprises two asymmetric sectoral 

horns, which are placed side by side separated by a small distance. In reflectometry, the probing wave 

of the emitting antenna will be reflected in the plasma before the receiving antenna captures it. To 

simulate this reality, we considered the plasma as a planar mirror, reflecting all the incoming radiation. 

However, instead of creating an actual mirror, we modelled the antennas in a mirror-like configuration, 

in such a way that the effect of the plasma reflection and the position of the antennas are recreated 

(Figure 25 illustrates the configuration with a physical mirror and the mirror-equivalent configuration). 

The equivalent model does not take in account the cross-talking between the antennas. However, we 

tested both models (see section 5.4) and the results were very similar. We opted to use the mirror-

equivalent model since it proved to be more efficient computationally. 

 

 

Figure 25 – Left: PPR antenna system modelled using a physical mirror. A physical electromagnetic 

mirror is placed in front of the antennas in order to simulate the reflection at the plasma density layer. 

Right: equivalent configuration, the mirror is taken out, and the antennas are placed so that the 

travelling distance and angle of incidence of the probing wave are maintained 

The initial part of this chapter presents the study of a reference antenna using the HFSS (High 

Frequency Structures Simulator) simulation program. A catalogued pyramidal horn antenna is 

modelled and tested in the range of frequencies of the fundamental mode (TE10), and the main 

antenna features are analysed. The data acquired using HFSS are compared with the catalogued 

characteristics of the antenna and with the results obtained from theory. The models and methods for 

the antenna analysis are validated in order to be used further (section 5.4) in the evaluation of the 

ITER PPR antenna.  

In section 5.3, a system of two standard horn antennas is modelled using the mirror-equivalent 

configuration of Figure 25 (right). First, the antennas are placed front-to-front, aligned with the 

direction of maximum radiation and separated by a distance 𝐝. The coupling between the antennas is 

analysed for a variation of the distance 𝐝 in the far-field region, and compared with the coupling 
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obtained using the Friis formula of (4.27). This comparison is used to validate the HFSS models and 

methods in the study of the antenna coupling.   

Then, this system is studied in different geometrical setups, in order to mimic the conditions of the 

PPR antenna system. The antennas are placed in different positions and orientations, in order to 

evaluate the effect of the antenna’s misalignment on the coupling. The data acquired in this section 

are important to interpret the results achieved in the study of the coupling in the ITER PPR system 

(section 5.4). The system studies the effects on coupling due to: 

-‐ Horizontal separation of the PPR antennas. This will be done separating the antennas for 

several distances 𝐡. 

-‐ Asymmetry of the PPR antennas. The PPR antennas are asymmetric (i.e. flared only in one 

direction), and this causes their radiation patterns to be tilted by a few degrees in respect to 

the centre of the antenna’s aperture. The direction of maximum radiation is therefore oriented 

in opposite directions in each antenna. To simulate this asymmetry, the standard antennas 

are tilted by various small angles 𝛉. 

-‐ Distance from the plasma to the PPR antennas. To analyse this effect, antennas are studied 

for various distances 𝐝. 

 

In section 5.4, the originally proposed in-vessel antennae system for the O-mode ITER’s PPR is 

studied, applying the validated HFSS models and methods. First, we model a single antenna, 

evaluating its performance within the 15 − 75  𝐺𝐻𝑧 frequency range for the TE01 mode propagation. 

Finally, the originally proposed bi-static system for the ITER PPR is modelled, and the antenna 

coupling is evaluated in the 15 − 75  𝐺𝐻𝑧 frequency range, at a distance from the plasma of 200  𝑚𝑚. 

 High Frequency Structure Simulator (HFSS) 5.1.

HFSS means high frequency structure simulator and it is created by ANSYS®. It is a full wave 

method, and analyses the Maxwell equations subject to boundary conditions (e.g. radiation boundary 

surrounding an antenna). It works as a CAD program, allowing the construction of arbitrary 3D 

shapes, with complex curves and shapes, and it solves problems such as the field distribution on a 

device, or the radiation pattern emitted by an antenna using the FEM method (Finite Elements 

Method). It performs an iterative solution, using tetrahedra net to construct the 3D elements. The 

tetrahedra are subject to mesh refinement during the iterative process while the solution doesn’t 

converge. This adaptive mesh solution is an automatic procedure, calculating the local errors and 

refining the mesh while the wanted precision is not achieved. Different lossy materials can be 

simulated, as well as perfect conductors, and frequency sweeps and automatic spatial design 

variations can be made. Several results can be generated, such as: 

-‐ S matrix 

-‐ Propagation and attenuation constants (𝛽,𝛼) 

-‐ Electric and magnetic fields 
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-‐ Surface and volume currents 

-‐ Far-field and near-field radiation patterns, etc. 

The solution for the S matrix is found when the parameters converge into an error below the one 

introduced by the user: ΔS . To achieve the desired solution, depending on the simulation and 

hardware, can take hours, and sometimes several days. This is why it is very important the study and 

optimization of the HFSS features for a specific simulation model, so it can be the most 

computationally efficient, without losing accuracy. This is especially important for high frequency 

simulations such as the one used in the study of the PPR antennas, and/or simulations that use a 

large number of tetrahedra. 

 Standard pyramidal horn simulation 5.2.

A Standard Gain Horn antenna from the 2010 Flann Microwave Catalogue [35] was modelled (model 

17240, from the 240 series). The antenna is fed by a waveguide of dimensions 𝑎 = 19,05  𝑚𝑚 , 

𝑏 = 9.525  𝑚𝑚 (see Figure 26). From (4.2), the fundamental mode of the waveguide (TE10) lies in the 

frequency range 9,84 − 15,0  𝐺𝐻𝑧, within which the antenna is studied. The antenna has a nominal 

mid-band gain of 20  𝑑𝐵 and a ±2𝑑𝐵 mid-band gain variation with frequency. The voltage standing 

wave ratio has a maximum value tabled as 𝑉𝑆𝑊𝑅 = 1.2: 1. The relevant features to be analysed in the 

antenna are: 

-‐ Gain variation within the frequency band 9,84 − 15,0  𝐺𝐻𝑧. 

-‐ Radiation pattern in the principal planes for the beginning, middle and end of the band. 

-‐ Aperture efficiency for 9,84 − 15,0  𝐺𝐻𝑧. 

-‐ Voltage standing wave ratio for 9,84 − 15,0  𝐺𝐻𝑧. 

 

Figure 26 – HFSS model of the standard Gain Horn antenna, from Flann’s catalogue 
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Figure 26 shows the HFSS model of the antenna and its dimensions. The antenna material was set as 

copper, with a thickness of 1  𝑚𝑚, in order to simulate the conditions of the PPR antennas. Following 

the guidelines of ANSOFT®, a 10  𝑚𝑚 waveguide section was connected to the antenna so that the 

TE10 mode is created before the antenna starts to flare and has time to adapt at the waveguide 

dimensions, giving better results in HFSS. 

In order for the HFSS to compute the radiation pattern of the antenna in the far field, a radiation 

boundary around the antenna must be created. In HFSS documentation and tutorials, the type of 

boundary used is a parallelepiped box around the antenna, at a distance of at least 𝜆/4  of the antenna 

borders, where 𝜆  is the wavelength of operation. However, because of the simulation volume 

occupied, this kind of shape is not suitable for high frequency studies like the PPR antennas study on 

section 5.4, where high amounts of CPU and RAM are required, which compatible with the computer 

used. Because of that, we tested a different model, in which the radiation boundary follows the 

antenna shape (still at a distance of 𝜆/4 from the antenna), lowering the computational effort by 

reducing the tetrahedra in the mesh. Figure 27 shows the models for a box-type radiation boundary 

and for a boundary following the antenna shape. 

 

 

Figure 27 – On the left: box-type boundary. On the right: boundary following antenna shape 

Figure 28 shows the comparison between the radiation patterns obtained in HFSS for the two 

boundary models and the expected theoretical results. It presents the directivity pattern in 𝑑𝐵 

normalized to the maximum value for the E and H planes (𝜙 = 0 and 𝜙 = 90º), for a frequency of 

12  𝐺𝐻𝑧. The theoretical results were obtained using the equation (4.20) for the directivity of a horn 
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antenna. Due to the method used in the theoretical plot, the data are only plotted for values of 𝜃 

between 0º and 90º. 

 

 

Figure 28 – Directivity (dB) of the standard horn for both principal planes. Comparison between the 

two types of radiation boundaries used in HFSS and the theoretical results at 12  𝐺𝐻𝑧 

The results of Figure 28 show that: 
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-‐ In the main lobe region, there are almost no differences between the setup using the box 

radiation boundary and the setup using the boundary following the antenna shape. Some 

small differences arise in the minor lobes, with the main discrepancies on the back-lobe region 

(𝜃~180º). 

-‐ HFSS results show a good agreement between the predicted values from the theory, 

especially on the main-lobe region. Some differences appear at the minor lobes where the 

HFSS results overestimate the values in the E-plane, and underestimate them in the H-plane. 

This result is in agreement with the one presented on [42: Figure 13.22]. 

 

As a consequence of this result, the HFSS model presented in Figure 27 with the radiation boundary 

following the antenna shape is the one used for all the analysis of the antennas radiation patterns, 

gain, efficiency or 𝑉𝑆𝑊𝑅, since it is the most efficient computationally. 

The maximum gain of the antenna was calculated in HFSS from 9,84𝐺𝐻𝑧 to 15,0𝐺𝐻𝑧 with a 0,4𝐺𝐻𝑧 

frequency step. The results are shown in Figure 29.  

 

 

Figure 29 – Maximum Gain in dB of the standard antenna modelled in HFSS for the frequency range 

9,84𝐺𝐻𝑧 − 15,0  𝐺𝐻𝑧 with 0,4𝐺𝐻𝑧 step. Catalogued gain for the extremes of the band (9,84𝐺𝐻𝑧 and 

15,0  𝐺𝐻𝑧) and mid-band gain (12,42  𝐺𝐻𝑧).  

From the results of Figure 29 we can conclude: 

-‐ Maximum gain increases from 18,21  𝑑𝐵 at 9,84𝐺𝐻𝑧 to 21,67𝑑𝐵 at 15,0𝐺𝐻𝑧. At the middle of 

the frequency band (12,42  𝐺𝐻𝑧), the maximum gain is 20,08  𝑑𝐵. 
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-‐ The results obtained are consistent with the mid-band gain nominal value of 20  𝑑𝐵 and the 

±2𝑑𝐵 mid-band gain variation with frequency, presented on the Flann’s Microwave catalogue. 

Figure 30 shows the gain normalized dB pattern for the principal planes at 9,9𝐺𝐻𝑧, 12,3𝐺𝐻𝑧 and 

15,0  𝐺𝐻𝑧. 

 

 

Figure 30 – Normalized dB Gain pattern along the principal planes of the standard horn, at the 

frequency values 9.9,12.3 and 15.0  𝐺𝐻𝑧 
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We can conclude that: 

-‐ As expected, as the frequency increases, the main lobe gets narrower 

-‐ The side-lobe level increases slightly with frequency. 

-‐ The number of minor lobes increases with frequency. 

Using the result of (4.12), the aperture efficiency 𝜂! was calculated for the antenna, from 9,9𝐺𝐻𝑧  to 

15,0𝐺𝐻𝑧 with a step of 0,3𝐺𝐻𝑧. The results are presented in Figure 31.  

 

Figure 31 – Aperture efficiency of the standard horn for the 9,9 − 15,0  𝐺𝐻𝑧 frequency range, with a 

step of 0,3𝐺𝐻𝑧 

From Figure 31 we conclude that the results lie within the expected values for a standard horn: 

0,3 < 𝜂! < 0,9. They show that the antenna’s dimensions are not optimized, since for an optimum-gain 

antenna 𝜂!~50%. 

Using (4.25), 𝑉𝑆𝑊𝑅 was calculated 9,9𝐺𝐻𝑧  to 15,0𝐺𝐻𝑧, with a step of 0,3𝐺𝐻𝑧, and the results are 

shown in Figure 32. The values are consistent with the catalogue information, which states the 

antenna has a voltage standing wave ratio below 𝑉𝑆𝑊𝑅 < 1.2: 1 for 9,9  𝐺𝐻𝑧 − 15, 0  𝐺𝐻𝑧. 
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Figure 32 – VSWR of the standard horn for the 9,9 − 15,0  𝐺𝐻𝑧 frequency range, with a step of 0,3𝐺𝐻𝑧 

The models used to characterise the pyramidal antenna provided results that were in agreement with 

the catalogued and theoretical results. The same models and methods are used in the analysis of the 

individual PPR antenna, in section 5.4. 

 Coupling between two standard horns 5.3.

Figure 33 exemplifies the field distribution on an emitting antenna, free-space and receiving antenna, 

in an HFSS simulation.  

 

Figure 33 – Illustrative example of the coupling between two antennas. Emitting antenna on the right. 

Receiving antenna on the left. Plane wave in free-space in the middle. Top view, TE10 mode 

propagation 
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The antenna is excited by the TE10 mode, and propagates it into free-space, until it turns into a plane 

wave in the far-field. Part of it is captured by the receiving antenna (left in Figure 33), which couples 

the far-field wave into the TE10 mode at the Port. Even though the colours represent the field strength 

(blue weaker, red stronger), they are merely illustrative, and their interpretation is only valid within 

each individual section (emitting antenna, receiving antenna, and free space). 

The method used in HFSS to analyse the antenna coupling as in Figure 33 only exists in the more 

recent versions of the program, and it is called Finite Element Integral Boundary Integral (FE-BI). To 

use it, an arbitrary shaped boundary is placed around each antenna, and set to be used with FE-BI. 

The advantages of the FE-BI method are [36]: 

-‐ Radiation boundaries have no limitations in terms of shape, and can be placed as close as 

possible to the antenna. This reduces simulation volume and simplifies the problem setup.  

-‐ All the space outside the radiation boundary surrounding the antennas is neglected for result 

purposes. Only the fields inside the boundary regions are evaluated, reducing significantly the 

computer effort and requirements.  

-‐ It has “high accuracy for radiating and scattering problems” [36]. 

Taking advantage of this method, a radiation boundary was created very close to each antenna, in 

order to reduce computational effort in the coupling calculation (Figure 34). The distance from the 

radiation boundary to the antennas limit used was 0.5 mm for the study of the coupling between the 

standard antennas, and 0.05 mm for the study of the PPR antennas. The reason for this is that, after 

some tests, we realized that reducing the distance to the boundary would lower the amount of RAM 

used in the computer, but would also increase the simulation time. Since the analysis of the standard 

antennas was not problematic in this aspect, a higher distance to the boundary was chosen in order to 

reduce the simulation time. 

 

Figure 34 – FE-BI radiation boundary on a section of the standard horn 

Antennas aligned (front-to-front) 

The coupling between two standard horn antennas (section 5.2) was evaluated in different geometrical 

arrangements. In the first study, the antennas are placed in a front-to-front configuration, and aligned 

with the direction of maximum radiation at a varying distance “𝐝”. This setup is illustrated on Figure 35.  

Using the FE-BI technique, the coupling can be obtained directly from the S-matrix given by HFSS. In 

this case the system is a 2-Port network, since each has one Port (1 and 2) where only the 
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fundamental mode (TE10) can propagate. Coupling can then be found using equation (4.26) for the 𝑆!" 

element. 

 

Figure 35 – Antennas placed front-to-front at a distance d 

To confirm the results obtained using the S-matrix, we also computed the power received (𝑃!) by the 

antenna at Port 2 using equation (5.1): 

𝑃! = 𝑅𝑒{𝑺 ∙ 𝑛}  𝒅𝑺 (5.1) 

where 𝑺 is the Poynting vector, 𝑛 is the unit vector normal to Port 2 and 𝒅𝒔 is the area of the Port 2 

surface. The power emitted by Port 1 was defined as 1  MW. This way, coupling is calculated by: 

𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 =
𝑃!
𝑃!
= −10 log(

𝑺 ∙ 𝑛  𝒅𝑺
1MW

) 
(5.2) 

  

 

Figure 36 – TE10 mode excitation at the antenna port in HFSS. Top view of the antenna 
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This method can be applied using HFSS’s Fields Calculator. Fields Calculator is a tool that allows the 

user to create its own solution, if the field’s data are available at the region of analysis. 

The study of the coupling with 𝐝 was made for distances from 580  𝑚𝑚 to 1000  𝑚𝑚. The antennas 

were excited at 10𝐺𝐻𝑧, in order to propagate the TE10 mode (see Figure 36). The minimum distance 

was chosen using (4.4), such that the emitted wave would arrive at the receiving antenna already in 

the far-field region (589  𝑚𝑚). The results obtained in HFSS were compared with the Friis Law, using 

(4.27).  

Friis Law is an approximation, which takes in account the directivity only in the direction of the line of 

sight between the aperture centres. In aperture antennas, this approximation is more reliable if the 

antennas are far enough so that their apertures can be considered point-like. However, in the far-field 

region, and with the antennas aligned in the direction of maximum radiation, it can be used as a 

benchmark to support HFSS results. The directivity of the antenna at 10𝐺𝐻𝑧 (needed to compute 

(4.27)) was obtained with the method used on section 5.2. Since the antennas are equal and aligned 

in the direction of maximum radiation, the directivities of the antennas are 𝐷! 𝜃,𝜙 =   𝐷! 𝜃,𝜙 =

  𝐷! 0,𝜙 . Figure 37 shows the antenna coupling for 580  𝑚𝑚 < 𝐝 < 1000  𝑚𝑚, with a step of 10  𝑚𝑚, 

obtained using Friis Law, S-matrix and Fields Calculator. 

 

Figure 37 – Coupling (dB) for 580  𝑚𝑚 < 𝐝 < 1000  𝑚𝑚, with a step of 10  𝑚𝑚 at a frequency of 10  𝐺𝐻𝑧. 

Comparison between the HFSS results and the Friis  formula 

We conclude from Figure 37 that: 

-‐ The results from Fields calculator and S-matrix are very similar.  

-‐ The evolution of the coupling is similar for the three cases.  
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-‐ As expected, the coupling calculated using Friis formula gives different results from the 

coupling calculated using the HFSS technique. Figure   37 shows a better coupling using the 

Friis formula, especially for smaller distances 𝐝. At longer distances, where Friis law is a more 

accurate approximation, the results start to converge more to the ones given by HFSS.  

This result gives credibility to the HFSS technique used for the study of the coupling when the 

antennas are front to front. However, one of the major doubts on the validity of this model was if the 

coupling between Port 1 and Port 2 was being calculated not only from the radiation received inside 

the antenna aperture, but also from radiation received by the conducting walls at the exterior of the 

antenna. If this were true, any simulation with the antennas misaligned (see Figure 38) would result in 

inaccurate data, since the external walls of the antenna are exposed to the radiation. 

To confirm that this was not the case, the coupling between the antennas for the case illustrated in 

Figure 38 was calculated.  

 

 

Figure 38 – Antennas completely misaligned, in order to confirm if there is no coupling (𝑆!"~0). 

In this geometrical arrangement, there should be no coupling, since the line of sight of the antennas 

doesn’t cross. The result given by HFSS, for a frequency of 15  𝐺𝐻𝑧 is: 

𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 = −80,1  𝑑𝐵     

The extremely low value of coupling shows that the model used with FE-BI radiation boundaries do 

not take in account the radiation from the external walls of the antenna, and the model can be used 

with misaligned antennas. 

Simulation setups 

The effect on the coupling, resulting from the fact that the antennas are not aligned symmetrically in 

the direction of maximum radiation, was studied. Figure 39 shows the different geometrical setups 

used in the simulations: 

-‐ (Setup 1) This setup allows us to study the effect due to the misalignment, varying the 

distance h, for different distances d. 
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-‐ (Setup 2) Setup 2 permits to study of the antenna misalignment when the antennas are tilted 

by an angle 𝛉, at different distances 𝐝. 

-‐ (Setup 3) In this setup the study of the misalignment due to the tilt angle 𝛉 is done for different 

distances 𝐝 and 𝐡. 

(1) 

 

(2) 

 

(3) 

 

 

Figure 39 – Three different geometrical setups for the study of the coupling. The different geometrical 

arrangements are modelled by varying the distances d and h, and the tilting the antennas by an angle 

𝛉 

As recommended by ANSYS ®, a linear section of waveguide was placed before the antenna, in order 

to the propagating mode can adapt to the waveguide before the antenna starts to flare. The effect of 

the introduction of a 20  𝑚𝑚 linear waveguide was analyzed for 𝐝 = 700  𝑚𝑚, 𝐡 = 0  𝑚𝑚, 𝐡 = 94  𝑚𝑚 

and 𝛉 = 0º and 2º.  The results are presented in Table 3 of Annex A. 

They don’t show significant differences with the introduction of the waveguide. The creation of the 

waveguide increases the volume of the simulation, and this can affect high-frequency simulations that 

require high values of RAM.  We took a compromise between simulation volume and model accuracy 
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and created, in all models, a waveguide section with a length 𝑙 such that 𝑙 > 𝜆/4, where 𝜆 is the 

wavelength of the lowest frequency of operation. 

The analysis of the coupling with the different setups of Figure 39 is presented from Figure 40 to 

Figure 45. The coupling behaviour was studied for relevant frequencies, mainly for 10 GHz (beginning 

of the frequency band) 12GHz (mid-band frequency) and 15GHz (end of the frequency band).  

 

Setup 1 

Figure 40 shows the coupling values for 𝐝 = 590  𝑚𝑚  and 𝐝 = 700 , and 

𝐡 = 0  𝑚𝑚, 94  𝑚𝑚, 200  𝑚𝑚, and  300  𝑚𝑚. The distances were chose so that the emitted radiation would 

arrive at the receiving antenna in the far-field region. 
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Figure 40 – Study of the coupling varying the distance 𝐡: 𝐡 = 0  𝑚𝑚, 94  𝑚𝑚, 200  𝑚𝑚, and  300  𝑚𝑚, for 

𝐝 = 590  𝑚𝑚 and 𝐝 = 700  𝑚𝑚, at the frequencies 10  𝐺𝐻𝑧, 12  𝐺𝐻𝑧 and 15  𝐺𝐻𝑧  
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From Figure 40 the following conclusions can be made: 

-‐ With 𝐡 = 0 (antennas aligned as in Figure   35) coupling decreases with distance, as it had 

been seen in Figure  37. This is explained by the fact that the radiation power emitted by the 

antenna decreases with  1/𝐝!. 

-‐ The increasing of the distance 𝐡 has the general effect of decreasing the coupling. For the 

same distance 𝐝, this effect is lower in the system with the antennas excited at the lower 

frequency (10 GHz). When the antennas are not aligned as in with 𝐡 = 0, the line of sight 

between the antennas mouth is not the direction of maximum radiation. This deviation from 

the direction of maximum radiation is higher for higher frequencies, causing the coupling to 

decrease even further. This fact can be explained looking at Figure   30: as the frequency 

increases, directivity of the beam increases, and the main lobe gets narrower in both principal 

planes, being more sensitive to angular variations.  

-‐ At a given distance 𝐝, for values of 𝐡 below a threshold distance (𝐡𝐭𝐡𝐫 ≅ 100𝑚𝑚), the coupling 

is similar for lower and higher frequencies. This can be explained by the fact that, for 𝐡 < 𝐡𝐭𝐡𝐫, 
the increased gain at higher frequencies compensates for the added sensitivity to the 

misalignment due to the narrowing of the main lobe at this frequencies (see Figure   30). 

At  𝐡 < 𝐡𝐭𝐡𝐫, the shift from the maximum radiation direction is big enough so that the antennas 

excited at 10  𝐺𝐻𝑧 and start to have a better coupling then the antennas at 12  𝐺𝐻𝑧 and 15  𝐺𝐻𝑧. 

This threshold happens to be near the total misalignment of the antenna’s mouths (94  𝑚𝑚). 

For longer distances 𝐝, the increase of 𝐡 has a smaller effect on the decreasing of coupling. Figure 41 

explains this: for increasing values of 𝐝 at the same distance 𝐡, the angle 𝚽 decreases (zero at d→

∞). The deviation from the direction of maximum radiation is, therefore, smaller, making the coupling 

decrease less rapidly for the same values of 𝐡. Looking at  

-‐ Figure  40 for 𝐡 = 200  and  300  𝑚𝑚, the coupling is better at higher distances d. This happens 

since the effect of the power decrease with 1/𝐝! is compensated by the effect illustrated on 

Figure  41. 

 

Figure 41 – Geometrical illustration used to explain the effect of the distance 𝐝 in the angle of 

misalignment Φ. The antennas are   

Figure 42 shows the variation of coupling with frequency for 10 − 15  𝐺𝐻𝑧 with a 0.4  𝐺𝐻𝑧 step, for 

𝐡 = 94  𝑚𝑚  and 𝐡 = 250  𝑚𝑚 at a distance 𝐝 = 700  𝑚𝑚. 
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Figure 42 – Analysis of the coupling variation with frequency, for a frequency range 10 − 15  𝐺𝐻𝑧 with 

a 0.4  𝐺𝐻𝑧 step, for  𝐡 = 94  𝑚𝑚 and 𝐡 = 250  𝑚𝑚 at a distance 𝐝 = 700  𝑚𝑚 

 

Figure 43 – Coupling variation with d for 0 < 𝐝 < 1000  𝑚𝑚, at a separation distance 𝐡 = 94  𝑚𝑚, for 

10  𝐺𝐻𝑧, 12  𝐺𝐻𝑧 and 15  𝐺𝐻𝑧. 
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From Figure 42 it can be stated that: 

-‐ Coupling is generally better for smaller values of 𝐡, since the antennas are less misaligned. 

-‐ The coupling drop due to beam narrowing (increasing of frequency) is higher for larger 

distances 𝐡. 

Figure 43 shows the variation of coupling with distance d for 0 < 𝐝 < 1000  𝑚𝑚, at a separation 

distance 𝐡 = 94  𝑚𝑚, for 10  𝐺𝐻𝑧, 12  𝐺𝐻𝑧 and 15  𝐺𝐻𝑧. The conclusions are: 

-‐ At a distance 𝐡 bigger than the antenna aperture, coupling is very low for small distances 𝐝. 

While 𝐝 increases, coupling increases gradually and reaches a maximum before it starts to 

decrease. 

-‐ At a distance 𝐡 bigger than the antenna aperture, coupling is very low for small distances 𝐝. 

While 𝐝 increases, coupling increases gradually and reaches a maxiumum before it starts to 

decrease.  

-‐ For the first values of 𝐝, the antennas with the larger beam (lower frequency) have a better 

coupling. For a long enough distance 𝐝, the antennas with a higher directivity beam (higher 

frequency) start to have a better coupling. This happens in Figure  43 for 𝐝 ≅ 700  𝑚𝑚. 

Setup 2  

Figure 44 shows the coupling variation with 𝛉 = 0º , 𝛉 = 1º  and 𝛉 = 3º , for 𝐝 = 590  𝑚𝑚  and 𝐝 =

800  𝑚𝑚. The frequencies 10  𝐺𝐻𝑧, 12  𝐺𝐻𝑧 and 15  𝐺𝐻𝑧 are analysed.   

 

 Figure 44 – Analysis of the coupling variation with the tilt angle: 𝛉 = 0º, 𝛉 = 1º and 𝛉 = 3º. The tilt 

angle is analysed for 𝐝 = 590  𝑚𝑚 and 𝐝 = 800  𝑚𝑚, at 10  𝐺𝐻𝑧, 12  𝐺𝐻𝑧 and 15  𝐺𝐻𝑧.   
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From the results obtained in Figure 44 we conclude that: 

-‐ As expected, coupling decreases with increasing values of 𝛉 , since the antennas are 

emitting/receiving in increasingly opposite directions.  

-‐ The decreasing of the coupling due to the antennae tilt (𝛉 > 0) is larger for higher frequencies. 

The reason for this is similar to the one presented on setup 1, for the increasing values of 𝐡. 

-‐ For the values of 𝛉 = 1º and 𝛉 = 2º, the reduction of coupling is very small in respect to the 

case when 𝛉 = 0º.  

-‐ For a given frequency, the drop of coupling due to the tilt doesn’t seem to vary much with the 

distance 𝐝. In order to confirm this result, a different simulation was performed: one of the 

antennas was tilted by 𝛉∗ = 4º, and the other kept straight (no tilt). The coupling drop due to 

the tilt was analysed for 𝐝 = 590  𝑚𝑚,𝐝 = 700  𝑚𝑚, and 𝐝 = 1000𝑚𝑚. The results in Table   2 

seem to confirm that the influence of 𝛉 in coupling is independent of 𝐝. 

Table 2 – Analysis of the effect of the antenna tilt on the coupling drop for various distances 𝐝. One 

antenna is kept straight (no tilt), and the other is tilted by an angle 𝛉∗ = 4º. 

Coupling (dB) / 15 GHz 
   

d (mm) 𝛉∗=0º 𝛉∗ =4º 
Coupling 

drop 
590 -9,82 -10,82 -1,00 
700 -11,09 -12,10 -1,01 

1000 -13,75 -14,74 -0,99 
 

Coupling (dB) / 10 GHz 
   

d (mm) 𝛉∗=0º 𝛉∗ =4º 
Coupling 

drop 
590 -11,89 -12,37 -0,48 
700 -13,25 -13,71 -0,46 

1000 -16,14 -16,61 -0,47 
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Setup 3 

Figure 45 presents the coupling evaluation for the distances 𝐡 = 0  𝑚𝑚, 𝐡 = 94𝑚𝑚 and 𝐡 = 200  𝑚𝑚, 

with a tilt angle 𝛉 = 0º, 𝛉 = 1º, and 𝛉 = 2º at a distance 𝐝 = 700  𝑚𝑚. The frequencies analysed are 

10  𝐺𝐻𝑧, 12  𝐺𝐻𝑧 and 15  𝐺𝐻𝑧. 

 

Figure 45 – Analysis of the coupling with for the distances 𝐡 = 0  𝑚𝑚, 𝐡 = 94𝑚𝑚 and 𝐡 = 200  𝑚𝑚, 

with a tilt angle 𝛉 = 0º, 𝛉 = 1º, and 𝛉 = 2º at a distance 𝐝 = 700  𝑚𝑚 

From Figure 45 the following conclusions can be attained: 

-‐ For a given frequency, the decreasing of coupling with 𝛉 is more accentuated for higher 

values of 𝐡.  

-‐ The higher the tilt angle 𝛉 of the antennas, the greater the drop in coupling for an increase of 

𝐡. 
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 Antennas analysis for the ITER O-mode PPR diagnostic system 5.4.

The original in-vessel antenna configuration for ITER O-mode PPR features a system of two parallel 

asymmetrical sectoral horns. Due to space restrictions (6  𝑚𝑚 distance between waveguides) and the 

possibility of the occurrence of electric arcs between the antennas, these are flared in opposite 

directions. This allows the antennas to increase their gain, maintaining the minimum distance between 

them. The HFSS model of the bi-static system is shown in Figure 46. The antennas are placed side by 

side and separated by 6  𝑚𝑚.  

 

 

Figure 46 – Dimensions and HFSS model of the asymmetric antennas system, originally proposed for 

ITER PPR. Left: two views of the antenna system. Right: perspective view of the antenna system 

Since the system will probe the plasma in O-mode configuration, the antennas are set to propagate a 

mode where the electric field is linearly polarized, parallel to the toroidal field 𝐁! . To fulfil this 

condition, the PPR antennas will propagate the TE01 mode, illustrated on Figure 47. 
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Figure 47 – Left: TE01 mode propagation for the O-mode PPR. Right: TE01 mode distribution at the 

antenna port. The arrows point the direction of the electric field, and the red colour indicates higher 

intensity 

Propagation of higher modes in HFSS  

The antennas will probe the plasma with frequencies that range from 15 to 75  𝐺𝐻𝑧. From equation 

(4.1), the maximum number of modes that can propagate in the antenna’s feeding waveguide with 

dimensions 𝑎 = 20  𝑚𝑚 and 𝑏 = 12  𝑚𝑚 is given at 75  𝐺𝐻𝑧 with: 

-‐ 54 TE modes, 

-‐ 38 TM modes, 

-‐ A total of 92 modes at 75  𝐺𝐻𝑧. 

This means the antennas are oversized for the 15 − 75  𝐺𝐻𝑧 frequency range. However, within all the 

modes that can propagate in the antennas at a given frequency, the only one that will be of interest for 

the PPR analysis is the TE01, since it will be the one used for the O-mode reflectometry. Nevertheless, 

even if the TE01 is the only mode at the antenna Port, higher modes can be excited, especially at the 

receiving antenna (see section 5.4). 

When an excitation Port is defined in HFSS, the user defines the number of modes that will be 

analysed by the program. The guidelines of Ansys® for an over-sized antenna are: 

-‐ All the modes that can propagate at a given operation frequency must be defined in the Port, 

in order to obtain the correct results. This is true even if only one of the modes is going to be 

studied. 
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-‐ In HFSS, a maximum number of 25 modes can be defined at a Port. If the number of modes 

that can propagate exceeds 25, all the 25 modes should be defined at the Port to obtain the 

most accurate results. 

In our case, for frequencies below 39,02  𝐺𝐻𝑧, the number of modes that can propagate in the antenna 

is always below 25. This means that HFSS provides the correct results for probing frequencies in the 

range 15 − 39,02  𝐺𝐻𝑧.  

For probing frequencies in the range 39,02 − 75  𝐺𝐻𝑧, the number of modes that can propagate is 

always over 25.  Being so, for these frequencies the results given by HFSS are approximated, since 

we can only define 25 modes at each antenna Port, and the HFSS computation of the S-matrix 

needed to obtain the coupling doesn´t take in account all the modes. 

We modelled waveguide section with the dimensions of the feeding waveguide (𝑎 = 20  𝑚𝑚, 𝑏 =

12  𝑚𝑚) in HFSS. Figure 48 shows the HFSS analysis of the propagation constant (𝛽) of each mode 

for the frequencies 15 − 50𝐺𝐻𝑧. Whenever the excitation frequency surpasses the frequency cut of a 

given mode, 𝛽 becomes non-zero and the mode can propagate. The mode TE01, evidenced in the 

figure, has a cut-off frequency of 𝑓! = 12,74𝐺𝐻𝑧, and therefore can propagate in the whole frequency 

band: 15 − 75  𝐺𝐻𝑧. 

 

Figure 48 – Propagation constant of the modes defined in HFSS that can propagate in a waveguide of 

dimensions 𝑎 = 20  𝑚𝑚 and 𝑏 = 12  𝑚𝑚. All 25 modes defined in HFSS appear below 39,02  𝐺𝐻𝑧. After 

39,02  𝐺𝐻𝑧, the modes are not considered 

For the modelled waveguide dimensions, a total of 40 TE and TM are created at 50𝐺𝐻𝑧. As expected, 

only the 25 modes defined in the waveguide Port appear in HFSS, with the last one at 39,02  𝐺𝐻𝑧. 
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Note that TE modes and TM modes are degenerated and so, for some modes, the 𝛽 curves are 

coincident. 

PPR antenna analysis 

The asymmetric antenna of the ITER PPR system was modelled using the same procedures than the 

standard horn antenna in section 5.2. The antenna material was set as copper, with a thickness of 

1  𝑚𝑚, to simulate the characteristics of the antennas in ITER. Similarly to the standard horn, a 10  𝑚𝑚 

linear waveguide section was connected to the antenna.  

 

 

Figure 49 – HFSS model for the ITER PPR antenna analysis 

The antenna was studied for the TE01 mode propagation in the frequency range 15,0 − 75,0  𝐺𝐻𝑧. The 

relevant features of the antenna analysis are: 

-‐ Radiation pattern for relevant frequencies in the principal planes. 

-‐ Asymmetry of the antennas. 

-‐ Directivity evolution with frequency. 

-‐ Side-lobe and back lobe levels. 

-‐ Half-power beamwidth. 

-‐ Aperture efficiency. 

-‐ Voltage standing wave ratio. 

The directivity patterns along the principal planes at 51  𝐺𝐻𝑧 and 75  𝐺𝐻𝑧 obtained using HFSS are 

shown in Figure 50. They are compared with the theoretical result of (4.23) for the directivity of a 

sectoral horn propagating the TE01 mode. 
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Figure 50 – Directivity patterns for the E and H-planes of the PPR asymmetric antenna at 51  𝐺𝐻𝑧  and 

75  𝐺𝐻𝑧. Comparison between the results obtained in HFSS and the theoretical results obtained using 

equation (4.23) for a sectoral horn 

The radiation patterns of Figure 50 show a good agreement between the results given by HFSS and 

the theoretical results, especially in the main lobe region. The results are consistent with the ones 

obtained for the standard antenna analysis in section 5.2.  

Figure 51 shows the normalized directivity of the asymmetric antenna in both principal planes, for 

15  𝐺𝐻𝑧, 30  𝐺𝐻𝑧, 45  𝐺𝐻𝑧, 60  𝐺𝐻𝑧  and 75  𝐺𝐻𝑧. 
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Figure 51 – Normalized directivity pattern in the E and H-planes at the frequencies 

15  𝐺𝐻𝑧, 30  𝐺𝐻𝑧, 45  𝐺𝐻𝑧, 60  𝐺𝐻𝑧  and 75  𝐺𝐻𝑧 
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Figure 52 – E-plane radiation level antenna for increasing frequencies ranging from 15𝐺𝐻𝑧 to 75𝐺𝐻𝑧, 

zoomed in the main-lobe region. The tilt angle caused by the antenna asymmetry, and the asymmetry 

in the side-lobe level are put in evidence 

From the analysis of Figure 51 it can be concluded that: 

-‐ The main-lobe beamwidth narrows with the increase of frequency, and it is larger along the H-

plane. The fact that the beam is larger in the poloidal direction (H-plane) makes the antenna 

more tolerant to plasma vertical displacements. This, however, comes with the price of the 

loss of directivity in the beam. 

-‐ The number of minor-lobes increases with the increase of frequency. 

-‐ The radiation pattern is asymmetric in the E-plane. To illustrate this better, Figure 52 presents 

the E-plane radiation patterns of the PPR antenna for frequencies ranging from 15𝐺𝐻𝑧 to 

75𝐺𝐻𝑧, zoomed in the main-lobe region. The effect of the antenna asymmetry is in evidence: 

the direction of maximum radiation is not along θ = 0º, but tilted by a small angle in the 

direction of the aperture flare (θ > 0º).  

Figure 53 shows the evolution of the tilt angle (evidenced in Figure 52) with frequency.  
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Figure 53 – Variation of the tilt angle of the PPR antenna with frequency. Represents the deviation of 

the direction of maximum radiation from the direction along θ = 0º 

The results show that the deviation of the direction of maximum radiation from θ = 0º is higher around 

35 − 45  𝐺𝐻𝑧, with a tilt angle of 1,4  (º), and lower at higher and lower frequencies around 15  𝐺𝐻𝑧 and 

75  𝐺𝐻𝑧, with tilt angles of 0,6  (º) and  0,8  (º), respectively. 

The side-lobe and back-lobe level was calculated for the E-plane and H-plane. In the E-plane, the 

side-lobe level is evaluated at both sides of the main lobe: at θ > 0, direction along which the antenna 

aperture is flared, and at θ < 0, direction along which the antenna suffers no flare. The results are 

presented in Figure 54 for the frequencies 15 − 75𝐺𝐻𝑧. The side-lobe level is in dB, normalized to the 

main-lobe level.  
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Figure 54 – Side-lobe and back-lobe level in both principal planes, for the frequencies 15 − 75𝐺𝐻𝑧. In 

the E-plane analysis, the side-lobe level is evaluated for at both sides of the main lobe (at θ > 0, and 

at θ < 0) 

From the analysis of Figure 54 the following conclusions can be taken: 

-‐ The side-lobe level is higher in the E-plane, and doesn’t vary much with frequency, with the 

values lying between −10,9  𝑑𝐵 and −14,3  𝑑𝐵. In the E-plane, the difference between the side-

lobe levels in both sides of the main-lobe is small in the whole frequency range, but more 
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significant between   35𝐺𝐻𝑧  𝑎𝑛𝑑 

60𝐺𝐻𝑧,𝑤ℎ𝑒𝑟𝑒  𝑡ℎ𝑒  𝑎𝑛𝑡𝑒𝑛𝑛𝑎  𝑎𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦  𝑖𝑠  ℎ𝑖𝑔ℎ𝑒𝑟  (𝑠𝑒𝑒  Figure  53). 

-‐ In the H-plane, there is no side-lobes until around 42𝐺𝐻𝑧. Then, the side-lobe level increases 

from very low values until it reaches −24,0  �𝐵 at 60  𝐺𝐻𝑧, from where it decreases again until 

it reaches −25,6  𝑑𝐵 at 75  𝐺𝐻𝑧. 

-‐ The back-lobe level has the higher values for the lowest frequencies (15 − 25  𝐺𝐻𝑧). It reaches 

the minimum values between 30  𝐺𝐻𝑧 and 15  𝐺𝐻𝑧 and a minimum of −33,0  𝑑𝐵 at 42  𝐺𝐻𝑧. 

The maximum gain of the PPR antenna, along the directions of maximum radiation shown in Figure 

53, was calculated. The results are presented in Figure 55 for frequencies between 15𝐺𝐻𝑧 to 75𝐺𝐻𝑧. 

 

Figure 55 – Maximum gain of the PPR antenna for the frequencies 15 − 75𝐺𝐻𝑧 

The maximum gain increases monotonically with frequency. The values of the gain at the band 

extremes and at mid-band are: 

-‐ 9,7  𝑑𝐵 at 15  𝐺𝐻𝑧 (beginning of the band); 

-‐ 18,9  𝑑𝐵  𝑎𝑡  45  𝐺𝐻𝑧 (mid-band); 

-‐ 23,1  𝑑𝐵 at 75  𝐺𝐻𝑧 (end of the band); 

 

The half-power beamwidth, calculated for the whole frequency band is shown in Figure 56.  
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Figure 56 – Analysis of the PPR antenna HPBW variation with frequency for the E and H-planes, 

within the whole frequency range (15 − 75  𝐺𝐻𝑧) 

The results show a much larger beam in the H-plane as it had been seen before. The conclusions are: 

-‐ The H-plane beamwidth decreases more with the increase of frequency, decreasing from 

79,3  (º) at 15  𝐺𝐻𝑧 𝑡𝑜 22,5  (º) 𝑎𝑡 75  𝐺𝐻𝑧.  

-‐ In  the  E − plane, the  beamwidth  decreases  from  33,0  (º) at 15  𝐺𝐻𝑧 to 7,4  (º) at 75  𝐺𝐻𝑧.  

The aperture efficiency (𝜂!) was evaluated in the whole frequency range, and it is shown in Figure 57. 

These results are compared with the theoretical results, using the expressions (4.12) and (4.23) for 

the aperture efficiency and the directivity of a sectoral horn.  

The results given by HFSS are similar to the theoretical values. As in the results for the standard 

antenna case (Figure 31), the aperture efficiency decreases with the increase of frequency. The 

aperture efficiency is close to 81  %, which is the aperture efficiency for an open wave-guide antenna 

(no flare in any direction) [31]. This is explained by the fact that the antenna only flares in one direction 

by a very little distance (20𝑚𝑚 to 28  𝑚𝑚 flare along a 250  𝑚𝑚 length).  
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Figure 57 – Aperture efficiency (𝜂!) of the PPR antenna within the 15 − 75𝐺𝐻𝑧 frequency range. 

Comparison between the theoretical and HFSS results 

The 𝑉𝑆𝑊𝑅 of the PPR antenna for the TE01 mode is presented in Figure 58 within the whole frequency 

range.  

 

 

Figure 58 – VSWR of the PPR antenna for the TE10 mode propagation, within the 15 − 75  𝐺𝐻𝑧 range 
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The results of Figure 58 show that the antenna has a voltage standing wave ratio below 𝑉𝑆𝑊𝑅 <

1.2: 1 for the most part of the frequency spectrum, which means that more than 90% of the signal is 

being transmitted from the waveguide to the antenna. The highest 𝑉𝑆𝑊𝑅 occurs at 15  𝐺𝐻𝑧 with a 

1.29: 1 ratio, and the minimum at 57  𝐺𝐻𝑧 with a 1.01: 1 ratio. 

Study of the PPR bi-static system 

The coupling of the PPR antennas was studied in the originally proposed arrangement. The antennas 

are placed side by side, separated by a distance of 6  𝑚𝑚 (see Figure 60), at a distance 𝐝 from the 

plasma. As explained before in Figure 25, the antennas were placed in a mirror-equivalent 

configuration, where the effect of the plasma as a reflecting surface is substituted by an equivalent 

geometrical setup. 

 

Figure 59 – Mirror-equivalent configuration for the analysis of the coupling of the ITER PPR antennas. 

The antennas are at a distance d from the plasma (mirror). The centre of the apertures are separated 

by a distance h=28mm 

In order to confirm if the equivalent configuration of Figure 59 could be used, we modelled the system 

with the physical mirror in HFSS, considering the plasma’s reflecting layer as a planar electromagnetic 

mirror at a distance d (see Figure 60).  

 

Figure 60 –Model of the PPR antenna system where the plasma is modelled as a physical planar 

electromagnetic mirror 

The technique used to create the system with the physical mirror of Figure 60 only exists in the latest 

versions of HFSS. It is similar to the technique used in section 5.3 for the coupling analysis of the 



 71 

standard horns. However, the creation of a physical mirror grows substantially the number of 

tetrahedra, increasing the simulation time and RAM used in the PC. 

Table 4 of Annex B shows the comparison between the results of the coupling obtained using the 

HFSS model with the physical mirror and the equivalent model. The coupling was calculated for the 

TE01 mode, at a distance from the mirror 𝐝 = 200  𝑚𝑚. The mirror was modelled as a perfect electric 

conductor, in order to reflect all the incident radiation. The 32GB RAM capacity of the PC could only 

use the physical mirror model until the frequency of 40𝐺𝐻𝑧. The results show a good agreement 

between the two models, and confirm that the model of Figure 59 can be used as an equivalent 

configuration, considering the plasma as planar electromagnetic mirror. We used the equivalent model 

in the study of the PPR antenna’s coupling, since it is more efficient computationally. 

In the evaluation of the antenna coupling for the frequency range 15 − 75𝐺𝐻𝑧, it is desirable that all 

the 25 modes are defined at both antenna Ports. This assures that at least 25 modes (the maximum 

number of modes that can be defined in HFSS) are taken in account for this range of frequencies, 

permitting to achieve the most accurate results. Figure 61 illustrates the possibility of the creation of 

higher modes in the receiving antenna for the TE01 mode propagation at 20  𝐺𝐻𝑧. The TE01 mode is 

well propagated to vacuum from the emitting antenna. Although, when the receiving antenna captures 

the plane wave, the electric field and phase distribution at the aperture and the reflections in the 

antenna walls can create the conditions for the propagation of higher modes. 

 

Figure 61- Electric field distribution at the emitting and receiving antenna for the TE01 mode 

propagation, at 20  𝐺𝐻𝑧. Top view of the antennas 

Due to the absence of enough RAM in the computer, within the 60 − 75  𝐺𝐻𝑧 frequency range we 

could not define the 25 modes at each Port. To solve this problem, the number of declared modes had 

to be reduced. After some tests, the approach that gave the most accurate results was to reduce the 

number of declared modes at the receiving antenna, and maintain the maximum number of 25 modes 

at the emitting antenna Port. To be able to compute the coupling between 60 − 75  𝐺𝐻𝑧, maintaining 
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the most correct results possible, we opted to declare 25 modes at the emitting antenna Port, and 2 

modes at the receiving antenna Port. These tests are presented and explained in Annex C. 

The coupling between the PPR antennas is presented in Figure 62 within the 15 − 75  𝐺𝐻𝑧 frequency 

range for the TE01 mode propagation, at a distance 𝐝 = 200𝑚𝑚 from the plasma. This distance is 

considered representative of the space between the antennas and the plasma’s edge, where the wave 

is reflected. 

 

Figure 62 – Coupling between the ITER PPR antennas for the 15 − 75  𝐺𝐻𝑧 frequency range, at a 

distance from the reflecting layer 𝐝 = 200  𝑚𝑚    

From the results of Figure 62 for the PPR antenna coupling we conclude that: 

-‐ In a general overview, the coupling increases from its lowest value of −28,3  𝑑𝐵 at 15  𝐺𝐻𝑧 to 

its highest value of −25,7  𝑑𝐵 at 26  𝐺𝐻𝑧. Then, it decreases with abrupt variations from 26  𝐺𝐻𝑧 

to 75  𝐺𝐻𝑧.  At the end of the frequency band, the coupling values are similar to the ones at the 

beginning of the band. The simulation noise increases at higher frequencies. The major 

coupling variations are observed within the 60 − 75𝐺𝐻𝑧 range, where only 2 modes were 

declared at the receiving antenna Port due to RAM limitations. 

-‐ From15  𝐺𝐻𝑧  to 26  𝐺𝐻𝑧  the coupling increases more or less monotonically. This can be 

explained by the fact that the increasing of the beam directivity overcomes the negative effect 

in coupling of the beam narrowing with frequency. The same behaviour is explained in the 

analysis of the standard horns coupling in Figure   40. At a given separation distance 𝐡, the 

higher frequencies (narrower beam) can still give a better coupling, even though the antennas 

are misaligned. This behaviour also means that the asymmetry angle of the antennas (see 
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Figure   53) in this range of frequencies is not sufficient to cause a drop in coupling with the 

increase of frequency. 

-‐ From 26  𝐺𝐻𝑧  to 35,5  𝐺𝐻𝑧  the coupling remains approximately flat with the increase of 

frequency. This behaviour is noted on Figure  42 in the standard horn coupling analysis, where 

at the smaller separation distance 𝐡 the coupling almost doesn’t vary with the increase of 

frequency. This means that the effects on the coupling due to the beam narrowing (increasing 

of frequency), the separation distance (𝐡 = 28  𝑚𝑚) and the asymmetry (tilt) angle of the beam 

are still compensated by the increase of directivity of the beam. Nevertheless, this is the 

turning point, from which the antennas start to feel the effect of the misalignment of the 

radiation patterns. 

-‐ From 35  𝐺𝐻𝑧 to 75  𝐺𝐻𝑧, there is an overall coupling drop. In this range of frequencies the 

increasing of the beam directivity no longer contraries the effect of the radiation pattern 

misalignment between the emitting and the receiving antenna. This misalignment is caused by 

two factors: the separation distance 𝐡 = 28𝑚𝑚 of the antennas and their asymmetry. The 

effect of the tilt angle in the radiation pattern on the decreasing of coupling is higher for higher 

frequencies (this effect is illustrated in  Figure  44, for the study of the coupling of the standard 

horns). Along with this, the tilt angle in the antennas reaches a maximum between 30𝐺𝐻𝑧 and 

50  𝐺𝐻𝑧 (see Figure  53), which contributes even more to the coupling decrease. The effect of 

the separation distance 𝐡 becomes more important in the decreasing of the coupling at higher 

frequencies, at which the main lobe becomes narrower (see Figure  45). This explains why the 

coupling decreases until 75  𝐺𝐻𝑧, after reaching a maximum at 26  𝐺𝐻𝑧. 

-‐ The results between 60  𝐺𝐻� and 75  𝐺𝐻𝑧 must be considered as preliminary, since we could 

no perform the coupling evaluation using the full HFSS capabilities (this problem, however, 

will be solved in the future. See section 6.1) 

Effect of the propagation of higher modes 

Although the general behaviour of the coupling can be explained by the factors above mentioned, they 

do not justify the sudden drop of 1  𝑑𝐵  verified between 35𝐺𝐻𝑧  and 36  𝐺𝐻𝑧 . To understand this 

phenomenon we analysed the coupling within the 35 − 36  𝐺𝐻𝑧, and the coupling drop revealed to 

happen between 35,6  𝐺𝐻𝑧 and 35,8  𝐺𝐻𝑧.  

In Figure 63 we show the electric field propagating in the receiving antenna at 35,6  𝐺𝐻𝑧 and at 

35,8  𝐺𝐻𝑧. At 35,6  𝐺𝐻𝑧, the shape of the TE01 mode propagation is clearly visible, along with some 

reflections. Suddenly, at 35,8  𝐺𝐻𝑧, the TE01 mode becomes much more distorted, and higher modes 

seem to propagate. This causes the TE01 mode to lose power to the higher modes, and the coupling of 

the antennas for the TE01 mode to decrease. This abrupt change in the propagating fields at the 

receiving antenna from 35,6  𝐺𝐻𝑧 to 35,8  𝐺𝐻𝑧, as a result of higher mode propagation, seems to 

explain the sudden drop in the coupling in that region.  

Above the 35  𝐺𝐻𝑧  the effect of the propagation of higher modes in both emitting and receiving 

antennas starts to have a more relevant role on the coupling. The sudden character of the appearance 
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of these modes may explain why the coupling starts varying so abruptly from 36  𝐺𝐻𝑧 to 75  𝐺𝐻𝑧, as 

opposed to the smoothness verified in the variation of the coupling from 15  𝐺𝐻𝑧 to 35  𝐺𝐻𝑧. This effect 

adds up to the higher simulation noise at higher frequencies. 

 Annex D shows the electric field profile in the receiving and emitting antennas at 25  𝐺𝐻𝑧 and 40  𝐺𝐻𝑧. 

It emphasizes the differences between the electric field before and after the 35,6  𝐺𝐻𝑧 threshold, above 

which the electric field at the antenna becomes significantly more distorted. At the receiving antenna 

the effect of the propagation of higher modes is even more complex, since it takes in account the 

wave reflections and the phase and field distributions of the plane wave arriving at the antenna’s 

mouth (see [38]).  

 

Figure 63 – Electric field propagation in the receiving antenna for the TE01 mode emission at 35,6  𝐺𝐻𝑧 

and at 35,8  𝐺𝐻𝑧 

The emitting antenna was as a waveguide in HFSS in order to calculate how much of the TE01 power 

is transferred to other modes from the antenna Port to the antenna’s mouth for the whole 15 − 75𝐺𝐻𝑧 

frequency range. This allowed us to understand which modes can be responsible for the decreasing of 

the TE01 coupling between the PPR antennas, due to higher modes propagation in the emitting 

antenna.  

We concluded that, from 25  𝐺𝐻𝑧 to 75  𝐺𝐻𝑧 there are conditions for the TE21 mode and mainly the TE11 

to propagate in the emitting antenna. The TE21 mode propagation occurs from 25 to 30  𝐺𝐻𝑧, and helps 

to explain the coupling drop between 26  𝐺𝐻𝑧 and 28  𝐺𝐻𝑧.  

Figure 64 shows the power transfer from the TE01 mode to the TE11 mode. It increases between 

15𝐺𝐻𝑧 and 75  𝐺𝐻𝑧, reaching a maximum of ~5% at 75𝐺𝐻𝑧. This result, along with possible additional 



 75 

higher mode conversions in the receiving antenna, and the fact that the asymmetry tilt angle reaches a 

maximum at 35  𝐺𝐻𝑧 (Figure 53), may explain the abrupt 1𝑑𝐵 coupling drop at 35,6  𝐺𝐻𝑧.  

 

Figure 64 – Percentage of power transferred by the TE01 mode to the TE11 mode from the Port to the 

mouth of the emitting antenna 

Some additional remarks can be made on the coupling behaviour for the PPR antennas: 

-‐ We used the representative distance from the antenna mouth to the plasma reflecting layer of 

𝐝 = 200𝑚𝑚. Nevertheless, at longer distances 𝐝 the coupling should in general decrease, 

especially at the lower frequencies, as it is shown and explained in Figure  43 and Figure  41.  

-‐ At closer distances 𝐝 the coupling shall increase. However, if 𝐝 is very small, and the plasma’s 

edge is too close to the antennas, this will be translated in a poor coupling for the whole 

frequency range, as it is explained in Figure  43. 

-‐ Increasing the flare dimension of the antennas would also increase the gain, which can 

improve the coupling. However, larger flare dimensions will accentuate the asymmetry in the 

radiation patterns, which may annul or even contrary this effect (see Figure   45). This is 

especially important at higher frequencies, where the asymmetry of the radiation pattern has 

more influence on the coupling. On the other hand, and following the results of Table   2, the 

effect of the antenna asymmetry on the decreasing of coupling shall be independent of the 

distance 𝐝 from the plasma layer. 

-‐ The antennas have a larger beam in the poloidal direction, which provides a higher tolerance 

to vertical displacement events, which can deflect the beam poloidally and decrease the 

coupling.  
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Chapter 6 – Final Remarks and Future Work 

Microwave reflectometry is an essential diagnostic in fusion tokamaks. In ITER, reflectometry will take 

an essential role in the plasma positioning control, and its good functioning is dependent on the 

performance of the antennas.  

The objective of this work was to study and evaluate the originally proposed configuration for the ITER 

O-mode PPR in-vessel antennas within the 15 − 75  𝐺𝐻𝑧 frequency range of operation. To meet this 

objective, we developed models and methods in the HFSS simulation program to perform a broad 

analysis of the individual PPR antennas, and to evaluate the antennae coupling in the proposed bi-

static system. The reflecting layer at the plasma’s edge was simulated as a planar electromagnetic 

mirror, at a representative distance of 𝐝 = 200𝑚𝑚 from the antennas, and the coupling was analysed 

for the TE01 mode propagation.  

These models and methods were tested and validated using a catalogued standard antenna as a 

reference, and the results showed a good agreement between the predicted values from theory. 

So as to understand the coupling behaviour of a bi-static system in different geometrical arrangements 

and at different frequencies, a bi-static system of standard antennas was assessed. This study was 

done to better interpret the coupling between the PPR antennas.  

Analysing the results obtained in section 5.4 for the PPR antenna evaluation, it was possible to 

conclude that: 

-‐ The antenna has a gain variation with frequency of 9,7  𝑑𝐵  at 15  𝐺𝐻𝑧  (beginning of the 

band);18,9  𝑑𝐵 at 45  𝐺𝐻𝑧 (mid-band), and  23,1  𝑑𝐵 at 75  𝐺𝐻𝑧 (end of the band). 

-‐ The radiation patterns of the antenna are asymmetric. The maximum tilt angle from the 

direction of maximum radiation happens around 35 − 50𝐺𝐻𝑧 with a maximum value of 1,4(º).  

-‐ The side-lobe levels have the highest values along the E-plane, at the lowest frequencies, 

with a maximum value of −10𝑑𝐵  at 15  𝐺𝐻𝑧. The back-lobe level was very low, with the 

maximum of −18  𝑑𝐵 at 15  𝐺𝐻𝑧.  

-‐ The HPBW is much larger along the H-plane, decreasing from 79,3  (º) at 15  𝐺𝐻𝑧 to 22,5  (º) at 

75  𝐺𝐻𝑧. Along the E-plane, the beamwidth decreases from 33,0  (º) at 15  𝐺𝐻𝑧 to 7,4  (º) at 

75  𝐺𝐻𝑧. 

-‐ The values obtained for the aperture efficiency displayed an efficiency of ~80%, and the 

VSWR was below 𝑉𝑆𝑊𝑅 < 1.2: 1 for the most part of the frequency spectrum. 

 

From the analysis of the coupling between the PPR antennas in section 5.4, it was possible to 

conclude that: 

-‐ The coupling values lie between −28,3  𝑑𝐵 and −25,7  𝑑𝐵. The coupling increases from its 

lowest value of −28,3  𝑑𝐵  at 15  𝐺𝐻𝑧  to its highest value of −25,7  𝑑𝐵  at 26  𝐺𝐻𝑧 . Then, it 
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decreases with abrupt variations from 26  𝐺𝐻𝑧 to 75  𝐺𝐻𝑧.  At the end of the frequency band, 

the coupling values are similar to the ones at the beginning of the band.  

-‐ The effect of the propagation of higher modes in the emitting and receiving antennas takes an 

important role in decreasing the coupling of the bi-static system, especially within the 

35,6 − 75  𝐺𝐻𝑧 frequency range.  

-‐ From 25  𝐺𝐻𝑧 to 75  𝐺𝐻𝑧 the TE11 mode is created in the emitting antenna, taking a maximum 

of 5% power from the TE01 mode at 75  𝐺𝐻𝑧.  

The results between 60𝐺𝐻𝑧  and 75  𝐺𝐻𝑧  were preliminary and still inconclusive, since at these 

frequencies, the computer didn’t have enough RAM to perform the calculations at the full capability of 

HFSS. 

HFSS showed to be a very powerful tool for antenna and waveguide analysis. The methods herein 

presented were developed in a workspace where every variable is changeable, from the antenna 

dimensions and orientations to the size of the radiation boundaries or distances between the 

antennas. The development of this workspace creates the conditions to analyse any type of aperture 

antenna, and any type of bi-static system of aperture antennas, the same way the PPR and the 

standard horn antennas were studied in this thesis.  

One of the major problems we had to deal concerning HFSS was the large computational requirement 

for complex simulations (for example using the physical mirror configuration of Figure 60) at higher 

frequencies. Great part of the simulation work consisted in finding ways to reduce the computational 

effort in the models, without loosing accuracy in the results.  

In order to overcome this problem, a new computer with more RAM and a better processing unit has 

already been ordered. This will allow us to compute the PPR antenna coupling of Figure 62 using all 

the available 25 modes declared at each antenna Port within the 60 − 75  𝐺𝐻𝑧 range, what was not 

possible with the current machine.   

 Future work 6.1.

The search for the best antennae configuration to be used in ITER reflectometry is in continuous 

development.  

The most recent proposition for the antennae configuration of the ITER PPR is represented on Figure 

65. For the probing wave emission this system will use an antenna with a higher gain than the 

asymmetric antennas originally proposed. For the wave reception the system will consist in a two-

mirror receiving arrangement, which has the function of focusing the radiation into a receiving open-

ended waveguide.  

We intend to continue the research and perform the study and evaluation of the current configuration 

of the ITER PPR (Figure 65), where the major challenges are expected to arise in the modelling and 

optimisation of the two-mirror system.  
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To perform this study, we will apply the same methodology and the know-how acquired along the 

development of this thesis. 

 

  

Figure 65 – Currently proposed system for the ITER O-mode PPR. Sectoral horn as the emitting 

source. Two focusing mirrors and an open-ended waveguide as the receiving source. Perspective and 

top view
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Annexes 

Annex A 

Table 3 – Analysis of the effect of the introduction of a waveguide section before the antennas, as 

recommended by ANSYS ®, in the HFSS model for the study of coupling. 

Coupling (dB) 

   d=700mm/ f=10GHz No Waveguide With Waveguide Difference(dB) 

h= 0 ; θ=0º -13,06 -13,07 0,01 

h= 0 ; θ=2º -13,57 -13,60 0,03 

h= 94 ; θ=0º -15,68 -15,81 0,13 

h= 94 ; θ=2º -18,43 -18,51 0,08 

 

 

Coupling (dB) 

   d=700mm/ f=15GHz No Waveguide With Waveguide Difference(dB) 

h= 0 ; θ=0º -11,00 -10,96 0,04 

h= 0 ; θ=2º -11,73 -11,84 0,11 

h= 94 ; θ=0º -16,08 -15,9 0,18 

h= 94 ; θ=2º -20,59 -20,61 0,02 
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Annex B 

Table 4 – Comparison between the coupling values obtained using the HFSS model with the physical 

mirror and the equivalent model  

 Coupling (dB)  

Frequency (GHz) Physical Mirror Model Equivalent Mirror Model Difference (dB) 

15 -28,40 -28,34 0,06 

20 -28,89 -28,83 0,06 

25 -28,94 -28,85 0,09 

30 -25,90 -25,89 0,01 

35 -25,91 -25,88 0,03 

40 -26,75 -26,70 0,05 
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Annex C 

The coupling between the PPR antennas is evaluated at the frequencies 15 − 39  𝐺𝐻𝑧 . At this 

frequency range only 24 modes can propagate, and therefore HFSS can give the correct results, since 

all the 24 modes can be defined at each antenna Port. Different setups are studied in order to 

understand the effect of the reduction of modes in HFSS: 

-‐ 2 modes declared at each antenna Port 

-‐ 2 modes declared at the emitting antenna Port and 25 modes at the receiving antenna Port 

-‐ 25 modes declared at the emitting antenna Port and 2 modes at the receiving antenna Port 

The coupling for each setup is compared with the coupling obtained in the case where all 25 modes 

are defined at each Port, which gives the correct results for this range of frequencies.  

 

Figure 66 – The coupling between the PPR antennas evaluated at the 15 − 39  𝐺𝐻𝑧 frequency range. 

Different setups with different number of modes defined at each antenna Port. Red line: 2 modes at 

the emitting antenna Port, and 25 modes at the receiving antenna Port. Green line: 25 modes at the 

emitting antenna Port, and 2 modes at the receiving antenna Port 

The setup in which the coupling values better match the correct values (25 modes at each Port) is the 

one with 25 modes defined at the emitting antenna Port and 2 modes defined at the receiving antenna 

Port. Hence, this is the setup used in the evaluation of the coupling of the PPR antennas within the 

60 − 75  𝐺𝐻𝑧, where the RAM available was not enough to define the 25 modes at each Port. This 

doesn’t mean the match between the setups at 15 − 39  𝐺𝐻𝑧  is still verified within 60 − 75  𝐺𝐻𝑧. 

However, this was the best solution encountered to solve the problem of the lack of RAM at these 

frequencies.   
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Annex D 

 

 

Figure 67 – Electric field distribution at the PPR emitting and receiving antennas for the TE01 mode 

emission, at 40  𝐺𝐻𝑧 and 25  𝐺𝐻𝑧. Higher mode propagation at 40  𝐺𝐻𝑧 


